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ABSTRACT 
In this day and age, free space optical (FSO) enable the deployment of a new 
category of products that can transmit voice, data, and video at bandwidths up to 2.5 Gbps 
at distances up to 4 km, over any protocol. This optical connectivity doesn’t require 
expensive fibre-optic cable or spectrum licenses. FSO is reliable due to the capability of 
FSO systems to provide truly broadband and secure communications, as well as their 
immunity to interference from other sources of optical radiation. The principal challenge 
facing FSO technology is to achieve 100% link availability in all weather conditions. 
While rain, fog, haze, turbulence and aerosols all attenuate the optical signal to a certain 
level, fog is considered to be the main impairment in FSO systems. Thick fog resulting 
in over 300 dB/km of signal attenuation can reduce the transmission span from a few 
kilometres to just 100 m or so. Turbulence (i.e. scintillation) also results in reducing fade 
margins from 4 to 10 dB for FSO links of 1 km length or less, which is well below the 
margins for atmospheric attenuation. In the real-world environment, it is very challenging 
to measure the effect of atmospheric fog under diverse circumstances. This is due to 
several reasons: (i) the longer observation time required and the lower probability of 
reoccurrence of dense fog events for visibility V < 0.5 km, and (ii) the difficulty in 
controlling and characterising aerosols in the atmosphere, due to the inhomogeneous 
presence of aerosols along the FSO link path. This thesis examines and analyses the 
performance of a terrestrial FSO system by investigating the impact of a number of 
modulation techniques on mitigating the atmospheric impairments. A dedicated indoor 
atmospheric chamber is designed to carry out tests and measurements in a controlled 
manner and mimic the real outdoor atmosphere. The experimental results are compared 
with predicted data for the range of modulation techniques tested in the presence of 
atmospheric turbulence and fog, including binary phase shift keying subcarrier intensity 
modulation (BPSK-SIM), 2-pulse position modulation (2-PPM), 4-pulse position 
modulation (4-PPM) and hybrid pulse position modulation binary phase shift keying 
subcarrier intensity modulation (BPSK-SIM-PPM).The results show that BPSK-SIM-
PPM offers a similar performance to 2-PPM, a superior performance to BPSK-SIM, while 
having the same bandwidth, and an inferior performance to 4-PPM under turbulent 
conditions. Furthermore, the experimental investigation indicates that 4-PPM is more 
resistant to turbulence compared to BPSK-SIM. The improvement of the link 
performance by optimising the beam spot size using combinations of mirrors is also 
investigated. In addition, the effects of low to high visibility on the FSO link BER 
performance in the presence of fog are measured and investigated. The obtained results 
indicate the dependency of the performance of the FSO link on the fog intensity variation. 
Moreover, the experimental results show that the impact of severe fog induced attenuation 
is greater on the receiver than the transmitter. Finally, the effect of fog on an FSO system 
employing quadrature phase-shift keying (QPSK) and operating at various carrier 
wavelengths is also studied.
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1. INTRODUCTION 
1.1. Background 
Free-space optical communication (FSO) has, since several centuries ago, been 
realised through the transmission of information-loaded optical radiation from a 
transmitter (Tx) to a receiver (Rx) over an atmospheric carrier. In military contexts, as 
long ago as around 800 BC, optical communication in the form of beacons was utilised 
to enable the transmission of messages to reach a receiver promptly [1, 2]. The weakness 
of this method was that only a limited number of predetermined messages could be 
conveyed, thus resulting in low information capacity [3]. Since then, FSO has continued 
to be researched and used principally by the military for the purpose of achieving secure 
communications. FSO has also been heavily researched for deep space applications by 
the National Aeronautics and Space Administration (NASA) and the European Space 
Agency (ESA), with programs such as the Mars Laser Communication Demonstration 
(MLCD) and the Semiconductor-Laser Inter-Satellite Link Experiment (SILEX) [4, 5, 6].  
Experimental development of optical devices for high-speed communication over 
long distances demands a monochromatic and strong narrow optical beam at the desired 
wavelength. This would not be possible without the invention of the ruby laser in 1960 
by Theodore Maiman, which is considered to be the first successful optical laser. In 
addition, the invention of the semiconductor optical lasers by Robert Hall in 1962 led to 
a significant improvement in FSO systems’ reliability [7]. 
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A television signal was broadcast over a 30-mile (48 km) distance using a gallium 
arsenide (GaAs) based light emitting diode (LED) by researchers working at the 
Massachusetts Institute of Technology (MIT) Lincolns Laboratory in 1962 [7]; while a 
record 118 mile (190 km) transmission of voice modulated Helium–neon laser (He-Ne) 
between Panamint Ridge and San Gabriel mountain, USA, was achieved in  
May 1963 [1]. The first laser link to handle commercial traffic was built in Japan by the 
Nippon Electric Company (NEC) in 1970. The link featured a full duplex 0.6328 μm 
He-Ne laser FSO between Yokohama and Tamagawa; a distance of 14 km [7, 8]. The 
research in FSO was proceeded to increase the system capacity as well as the link range 
and was majorly used by the military for covert communications in network-centric 
operational concepts that boosted the use of information as well as gaining superiority on 
the battlefield [10].  
As a commercially complementary technology to the radio frequency (RF) (3 kHz 
to 30 GHz) and the millimetre-wave (MMW) (30 GHz to 300 GHz) wireless systems, 
FSO has now emerged as a reliable communication technology with rapid deployment of 
voice, data, and video within the access networks [11-13]. Data rates offered by wireless 
networks based on RF and MMW vary from a few megabits per second up to several 
hundred megabits per second depending on the system configurations  
(i.e. point-to-multipoint or point-to-point) [11, 14-15]. However, there is a limitation to 
theses systems’ market penetration due to spectrum congestion, licensing issues, and 
interference from unlicensed bands. The availability of future license-free bands – 
referring to the frequency bands for which no exclusive licenses are required, and on 
which unregistered users can operate wireless devices without specific user or device 
authorizations, as per the 900 MHz, 2 GHz, and 5 GHz systems – is promising [16], but 
they still have some bandwidth and range limitations compared to FSO systems. The 
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short-range FSO links are used as an alternative to RF links for the first or last mile to 
provide broadband access network to homes and offices as well as a high bandwidth 
bridge between the local and wide area networks [17]. 
Early doubts about FSO link performance, its dwindling acceptability by service 
providers, and slow market penetration, which were wide spread in the 1980s, are 
nowadays being challenged by service providers, organisations, and private 
establishments who are integrating FSO into their network infrastructure [9, 18].  
Terrestrial FSO has now proven to be a feasible, complementary technology in 
addressing contemporary communication challenges, most particularly the provision of 
bandwidth/high data rates to end users at a low-cost. The fact that FSO technology is 
transparent to traffic types and data protocols makes its integration into existing access 
networks more rapid, reliable, and profitable compared to traditional fibre 
communications technology [19]. Despite these advantages, FSO performance is 
degraded by significant optical signal losses, due to the presence of aerosols, fog, smoke, 
and other suspended particles and gases in the atmosphere, which absorb and scatter the 
propagating optical and infrared waves, since their wavelengths are very close to the 
wavelengths of these frequencies [20]. Fog, compared to other atmospheric factors, is the 
dominant source for optical power attenuation, hence potentially reducing FSO link 
availability. However, in clear weather conditions, theoretical and experimental studies 
have shown that atmospheric turbulence (i.e. scintillation) can also gravely degrade the 
reliability and connectivity of FSO links [21]. As such, the atmospheric channel effects 
such as thick fog, smoke, and turbulence present a great challenge in achieving high link 
availability and reliability according to the Institute of Electrical and Electronics 
Engineers “IEEE” and the International Telecommunication Union (ITU), who specify a 
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link availability standard of 99.999% (five nines) for the last mile access communication 
network. Hence, these channel effects still need to be studied and understood in order to 
enhance the link range and availability in terrestrial FSO systems [22-23]. 
1.2. Research Motivation and Justification 
The increasing bandwidth requirements in communication systems is the driving 
force behind the current research in optical communications (both fibre optics and optical 
wireless). Optical communication guarantees abundant bandwidth, which equates to high 
data rate capabilities. The huge bandwidth available on the fibre ring networks that form 
the backbone of modern communication technology is still not available to end users 
within the access network. This is primarily due to the bandwidth limitations of the copper 
wire-based technologies that, in most places, liaise the end users to the backbone. This 
places a restrictive limit on the data rate/download rate available to end users. A number 
of solutions, including fibre to the home (FTTH), ultra-wide band technologies (UWB), 
digital subscriber loop (DSL) or cable modems, power-line communication, local 
multipoint distribution service (LMDS), and terrestrial free space optics (FSO), have been 
proposed to tackle this bottleneck.  
The FTTH technology can deliver up to 10 Gbps to end users, and with the 
implementation of schemes such as dense wavelength division multiplexing (WDM), 
higher data rates of up to 10 Tbps are achievable [15, 26].  The most important challenge 
facing large deployment of the FTTH technology is its prohibitive cost of 
implementation. Furthermore, both DSL and power-line communication systems are 
copper-based technology which makes them less attractive [27].  The UWB technology 
uses the unlicensed radio spectrum in the 3.1 – 10.6 GHz band for short-range 
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communication [16, 28]. It is also a copper wire based solution, and its potential data rates 
are at odds with several Gbps available in the backbone. The interference of UWB signals 
with other systems operating within the same frequency spectrum is another drawback 
[29, 30, 115]. 
The FSO technology presents a number of advantages over other technologies, 
especially RF. One of the most important advantages is the immunity of FSO to 
electromagnetic interference (EMI). The very narrow optical signal offers a secure link 
with enough spatial isolation from potential interferers, which makes it the favoured 
option in certain applications where there is a requirement for a very low level of 
interference or no interference at all [19]. Moreover, FSO has another advantage over 
RF— namely the increased security afforded by the laser’s small footprint, which makes 
detection, interception and jamming very difficult. Further advantages provided by FSO 
over RF include the possibility of rapid deployment, and the flexibility of setting up 
temporary communication links with higher data rates, low cost, small size, and limited 
power usage. Furthermore, FSO links consume low power, offer better security against 
electromagnetic interference, do not require licensed spectrum, and offer low system and 
installation costs [24, 25]. 
FSO is a fibreless, laser or light-emitting diode (LED) driven technology, which 
provides similar capacity to that of optical fibre based communications with a substantial 
reduction in cost and time [62]. The integration of FSO into the access network can be 
done inexpensively and rapidly, as it is transparent to traffic type and protocols. However, 
the channel in FSO is the atmosphere, which presents a great challenge to the performance 
of an FSO system since it is subject to various impairments that arise in the atmosphere. 
Hence, it is essential to experimentally characterise the different atmospheric conditions 
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such as smoke, fog and turbulence, as well as analyse the system performance under these 
atmospheric circumstances [31, 32]. 
A number of researchers have examined the effect of atmospheric turbulence  
[33, 34]. However, most of these studies are theoretical, and relatively little work has 
been reported experimentally. This is because, in practice, it is very challenging to 
measure the effect of atmosphere fading under diverse real conditions. This is primarily 
due to the long waiting time required to observe and experience a reoccurrence of 
different atmospheric cases, as well as the requirement for complex and costly measuring 
tools and equipment. Aside from attenuation, another crucial channel effect is 
atmospheric scintillation. It is caused by atmospheric turbulence, which is a direct product 
of the atmospheric temperature inhomogeneity [35, 36]. The scintillation effect results in 
signal fading due to the constructive and destructive interference of the optical beam 
crossing the atmosphere. For FSO links spanning 500 meters or less, typical scintillation 
fade margins are 2 to 5 dB, which is less than the margins for atmospheric  
attenuation [37], making scintillation unimportant for short-range FSO systems. 
Several methods can be used to overcome the effect of turbulence, such as using 
a multiple input multiple output (MIMO) system [40, 41], utilising temporal and spatial 
diversity [34], or aperture averaging [42]. Nevertheless, selecting a modulation format 
that is most immune to scintillation effects is also important [43, 44]. 
By evaluating the performance of FSO systems in turbulent atmospheric channels, 
researchers have analysed the bit error probabilities based on on-off keying (OOK) 
modulated FSO systems and overall turbulence regimes [47, 51, 52]. The OOK 
modulation technique is very simple to apply, and is, consequently, the current 
modulation technique of choice in all commercially available terrestrial FSO systems [27, 
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51, 53, 54]. In a standard OOK-FSO system, the threshold level/point in the decision 
circuitry used to differentiate between bits ‘0’ and ‘1’ is constantly fixed midway between 
the expected levels of data bits ‘0’ and ‘1’ [55]. Under turbulence induced channel fading, 
the received signal level fluctuates. This means that the threshold detector has to track 
this fluctuation to find out the optimum decision point [57]. This presents a great design 
challenge as the channel noise and fading will have to be regularly tracked for the  
OOK-FSO system to perform optimally. 
In order to address the symbol detection challenges of OOK-FSO in turbulence 
affected channels, this research investigates the binary phase shift keying pre-modulated 
subcarrier intensity modulation (BPSK-SIM) and the pulse position modulation (PPM) 
as possible alternative modulation techniques. Furthermore, in this thesis, the error 
performance of SIM-FSO is broadly investigated in the following atmospheric turbulence 
regimes – weak, moderate and strong attenuation channels. 
In this thesis, an experimental study investigating the effects of temperature 
induced turbulence on FSO link performance for the BPSK-SIM and PPM data formats 
is carried out. The research also study’s the dependence of the data transmission 
performance against the turbulence source position along the link. 
Apart from turbulence, fog has a prominent impact on FSO links; limiting the link 
range to a few hundred metres under heavy fog conditions [38]. However, when the link 
length exceeds several hundred metres, irradiance fluctuations of the received optical 
signal due to turbulence poses a critical problem. The turbulence induced by the random 
fluctuations of temperature and pressure leads to a random variation of the atmospheric 
refractive index. The variations in the refractive index along the optical paths in turn cause 
random fluctuations to the received optical irradiance, which results in severe system 
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performance degradation [39]. However, few experimental studies on the BER and 
Quality Q Factor performance of an FSO link in fog affected channels are reported. A 
number of research studies investigating the effect of fog on FSO systems largely 
concentrate on the measurement of attenuation and channel modelling [38, 45, 46]. 
Therefore, this research aims to investigate and mitigate the effect of fog by applying 
power efficient modulation schemes. 
Furthermore, an experimental study of the fog effect on FSO links performance 
for the binary-phase-shift-keying coherent detection (BPSK) data format is conducted, 
and the experimental results for fog induced attenuation for measured visibility of 
V < 0.5 km are reported. Optical solutions to mitigate fog fading are reported, and the 
improvement of the beam spot size through applying a combination of concave and 
convex mirrors, which consequently improves the link performance, is studied. Different 
methods are introduced and demonstrated in order to control the different turbulence 
levels and to determine the performance equivalence between indoor and outdoor FSO 
links. The effect of turbulence and fog on FSO communication systems for 4-PPM, 
BPSK-based SIM, as well as hybrid BPSK-SIM-PPM modulation schemes, is 
experimentally investigated and evaluated. The following research objectives were 
devised in order to achieve these goals. 
1.3. Research Objectives 
The prime aim of this work is to experimentally characterise and investigate the 
atmospheric channel effects, especially fog and turbulence, on the performance of FSO 
links. Hence, a dedicated laboratory chamber of 3-metre length with inlets and outlets to 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
9 
simulate and demonstrate the atmospheric effects on an FSO channel in a controlled 
environment was designed and built.  
In this specific laboratory chamber, an advanced wireless weather station was 
utilised to provide real-time atmospheric values for temperature, humidity, barometric 
pressure, wind speed and direction, dew point, and rainfall. In order to have an ideal 
experimental environment, the chamber was built on an optical table in the Electro 
Magnetic Compatibility (EMC) Chamber at the Bonn-Rhein-Sieg University of Applied 
Science Communication laboratory. 
A list of research objectives has been defined in order to accomplish these aims: 
 Review the fundamental characteristics of terrestrial FSO links and understand 
the properties of the atmospheric channel and the challenges affecting the system 
performance. 
 Review models for describing the channel fading induced by the turbulence and 
fog-induced atmospheric effects, in order to understand the limits and range of 
validity of each model. 
 Investigate and compare different empirical fog models available in literature for 
different parameters such as visibility V (km), transmittance threshold  
T-th, and wavelength λ. 
 Investigate the performance of BPSK-SIM, 2-PPM, 4-PPM and the hybrid 
BPSK-SIM-PPM modulated FSO systems over a turbulent channel. 
 Experimentally verify and characterise the atmospheric turbulence and calibrate 
it to a real outdoor FSO channel. 
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 Experimentally investigate fog effects on the transmitted optical beam over an 
FSO channel, and compare the system performance of BPSK-SIM-FSO and 
4-PPM-FSO under fog conditions. 
 Investigate, by means of simulation, the performance of QPSK-FSO at various 
wavelengths under clear and fog-affected conditions. 
 Investigate hybrid BPSK-SIM-PPM modulated FSO systems over a channel with 
fog-induced attenuation. 
1.4. Thesis Organisation 
This thesis is divided into eight chapters. Following the introduction chapter, 
Chapter Two previews the basic fundamentals of FSO systems. In this chapter, a 
complete overview of FSO technology is introduced, including its specific features and 
applications. The general block diagram of an FSO communication system is presented, 
and the functions of each part are highlighted. Eye safety issues are discussed in the 
remainder of the chapter. 
In Chapter Three, a review of atmospheric turbulence is presented, and its effect 
on optical radiation over the atmosphere is discussed. The three different statistical 
distributions for modelling the irradiance fluctuations of optical radiation over turbulent 
atmosphere are investigated. The discussion of these models is crucial as they are used in 
later chapters to describe the statistical behaviour of the received signal in all ranges of 
FSO links. 
In Chapter Four, we discuss and investigate the commonly used FSO modulation 
techniques and their limitations and performance under atmospheric fading channels. 
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Alternative robust modulation schemes are also studied to investigate the potential 
increase in efficiency that can be achieved in terms of power and bandwidth. 
In Chapter Five, a detailed description of the design of the atmospheric chamber 
is introduced. Furthermore, the methods to produce homogeneous fog and its calibration 
to the real outdoor fog (ROF), and the data acquisition for fog attenuation measurements 
are described in detail. In addition, various methods of producing and controlling 
atmospheric turbulence are presented. The experimental results of spectrum attenuation 
of FSO communication systems operating at visible and near-infrared (NIR) wavelengths 
(0.6 μ m < λ < 1.6 μ m) are also presented. The results are compared with the selected 
empirical fog models in order to formalise their performance practically from dense to 
light fog conditions. 
In Chapter Six, the performance of FSO links under controlled turbulence 
atmospheric channels is studied, and both BPSK-SIM and 4-PPM, as well as hybrid 
PPM-BPSK-SIM modulations techniques, are investigated.  
In Chapter Seven, different aspects of loss mechanisms encountered in the design 
of an FSO system, including channel absorption and scattering, are examined. The link 
budget expression, as well as the estimation of achievable link ranges and margins, are 
also covered in this chapter. The experimental set-up of the fog-affected chamber used to 
study the performance of various modulation techniques is presented. The experiment to 
assess BPSK-SIM-FSO, 4-PPM and hybrid PPM-BPSK-SIM system performance is 
performed using an indoor open atmospheric fog-affected chamber (3-6 m in length). The 
transmission distance is increased to 14.7 m by means of multiple reflections of the laser 
beams between mirrors. Moreover, the effect of fog over an FSO communications system 
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employing a QPSK modulation format and operating at various wavelength regimes is 
investigated.  
In Chapter Eight, a summary of the key findings is presented, and the 
conclusions and future work are discussed. 
1.5. Original Contributions 
As a direct result of this research, the following original contributions have been 
made: 
 The design of a dedicated laboratory atmospheric chamber within an intelligent 
weather station with a feedback loop. The chamber is used to assess the effect of 
temperature induced turbulence on FSO links performance in real time and to 
enable several measurements over a long period of time (see Chapter Five). 
Furthermore, methods to generate a different levels of turbulence, and its control, 
are highlighted and practically implemented in Chapter Six. Atmospheric 
turbulence is characterised and calibrated using the atmospheric chamber, and the 
experimental measurements confirm the statistical based log-normal model. The 
relationship between the indoor environment and the outdoor FSO link is also 
obtained in order to ensure total reciprocity of atmospheric turbulence. 
 The performance of BPSK-SIM and 4-PPM FSO links under a controlled 
turbulence environment are numerically and experimentally investigated in 
Chapter Six. The numerical simulation results for the bit error rate (BER) 
performance of the PPM-BPSK modulation scheme in the log-normal 
atmospheric channel for a range of turbulence variance are presented. Results in 
Chapter Six show that PPM-BPSK offer a similar performance to 2-PPM, and a 
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superior performance compared to BPSK-SIM while having the same bandwidth. 
However, an inferior performance compared to 4-PPM is observed for the same 
turbulence levels. 
 An experimental evaluation of the performance of coherent detection BPSK 
modulation schemes under the effect of fog for FSO communication links is 
carried out in a controlled laboratory test-bed. The effects of low to high visibility 
on the FSO link BER performance in the presence of fog is also measured and 
investigated in Chapter Seven. The dependency of the FSO link performance on 
the fog intensity variation, as well as the source placement of the fog induction 
over the channel, is studied. Moreover, an experimental study and comparison 
between BPSK-SIM and 4-PPM, as well as the newly proposed Hybrid 
4-PPM-BPSK scheme under a controlled fog chamber and an indoor open 
chamber are presented in Chapter Seven. Error probabilities and Q values, as well 
as eye diagrams of aforementioned modulation techniques, are presented. 
 Simulation results of a QPSK FSO system at various operating wavelengths are 
introduced in Chapter Seven. The power losses on the Rx side are analysed, 
together with the link performance in terms of the received power level and the Q 
factor under clear and fog-induced atmospheric attenuation.  
The overall contribution of this thesis is schematically illustrated using a research 
roadmap in Figure 1-1. 
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Figure 1-1: A schematic illustrating the research roadmap and the original contributions. 
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2. FUNDAMENTALS OF FSO 
2.1. Introduction 
FSO communications is a technology that utilises visible and infrared (IR) light 
propagating through the atmospheric channel to transmit information. FSO is a 
complementary technology to both RF and optical fibre communication systems. It has 
been proposed as a ‘last mile’ solution in broadband wireless access links in certain 
applications and scenarios where RF based technologies may not be able to be adopted 
because of the shortage of available frequency spectrum [58]. In this chapter, the 
fundamentals of FSO technology, such as its applications, features, and terminology are 
presented. The chapter outlines the optoelectronic devices utilised in FSO systems and 
concludes with a discussion on the eye/skin safety requirements associated with laser 
transmission. 
2.2. Overview of FSO Technology 
FSO technology consist of the transfer of data/information between two points 
using optical radiation as the carrier signal through unguided channels. The transported 
data is modulated on the intensity, phase, or frequency of the optical carrier. An FSO link 
is fundamentally based on line-of-sight (LOS) transmission with no obstruction along the 
propagation path, thus ensuring very high data rate transmission in the absence of any 
multipath induced dispersion [59, 60]. The unguided channels could be any, or a 
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combination of, space, sea-water, or atmosphere. The focus in this work is on terrestrial 
FSO and, as such, the channel of interest is the atmosphere. 
FSO systems allow the use of narrow divergence, directional laser beams, which 
provide high security with a low probability of interception or detection; features that can 
be desirable in many applications. Narrow and highly focused optical beams are also 
important in situations where the channel is not clear due to fog. For example, penetration 
of dense fog over a kilometre distance is achievable at Gbps data rates with a beam 
divergence of 0.1 mrad. Furthermore, the tight antenna patterns of FSO links allow 
considerable spatial re-use, and wireless networks using such connectivity are highly 
scalable, in marked contrast to ad-hoc RF networks, which are non-scalable [61, 62]. 
The basic features, areas of applications, and the description of each fundamental 
block of an FSO system are further discussed in the following sections. 
2.3. Features of FSO 
Several typical features of FSO technology are presented below: 
i. Huge modulation bandwidth – The frequency range of an optical carrier spans 
from 1012-1016 Hz, which corresponds to 2000 THz bandwidth. This is a key 
feature since the amount of data that can be transmitted is directly related to the 
bandwidth of the carrier. Optical communication permits a far greater information 
capacity compared to RF technology, with an operational frequency bandwidth, 
which is relatively lower by a factor of 105 [60, 63, 64]. 
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Figure 2-1: The overview of the EM spectrum with its nominated frequency bands [66]. 
ii. Unlicensed spectrum – FSO utilises the visible to far infrared (FIR) bands of the 
electromagnetic spectrum, as shown in Figure. 2-1. The optical carrier frequencies 
have a very small footprint at this spectrum range, and therefore, FSO systems are 
not significantly affected by signals from other bands. However, this is not the 
case with the RF spectrum, where adjacent bands are susceptible to interference. 
Therefore, regulatory authorities, such as the Federal Communication 
Commission (FCC) in the US, and the Office of Communication (Ofcom) in the 
UK, have put stringent regulations in place [67]. Obtaining a slice of the RF 
spectrum is costly and could take a long time. However, this is not the case with 
the FSO spectrum, which is free, relatively inexpensive compared to the RF 
spectrum, and can be rapidly installed.  
iii. Narrow beam size – Optical radiation is well known for its extremely narrow 
beam size, which typically ranges between 0.01 and 0.1 mrad [65]. This implies 
that the transmitted power is concentrated within a very small area. The tight 
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spatial confinement also permits parallel transmission of a number of laser beams 
at the same, and/or different wavelengths, which is not possible in RF-based 
systems.  
iv. Cost-effective – The cost of utilisation of FSO systems is lower than that of an RF 
system for a given data rate. FSO can deliver similar bandwidth to optical fibres, 
but without the additional cost of right-of-way and trench digging, especially in 
urban areas [68].  
v. Quick to deploy and redeploy – FSO offers quick deployment and can be 
operational in just a few hours, from installation to link alignment, which is 
desirable in emergency situations where there is an urgent need to establish a high 
bandwidth communications link. The most important requirement in FSO 
deployment is the achievement of an unobstructed LOS between the Tx and the 
Rx. FSO modules can also be taken down and redeployed in different locations 
[64, 69]. 
vi. Weather dependent – Atmospheric conditions have a huge impact on the 
performance of terrestrial FSO communication links due to the presence of 
atmospheric absorption and scattering. These ‘undetermined’ characteristics of 
the FSO channel undoubtedly pose the greatest challenge. Nevertheless, this is not 
particular to FSO, since RF and satellite communication links are also subject to 
link unavailability due to heavy rain, and snow [96, 123]. 
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2.4. FSO Applications 
Due to the features discussed above, FSO is considered to be an attractive 
technology for various applications. Below are a number of applications where FSO 
technology could be utilised [70, 71]: 
Last mile access – FSO technology can be used to bridge the bandwidth gap, 
known as the last mile bottleneck, which exists between end users and the fibre optics 
backbone. Today’s FSO-available products on the market feature links spanning from 50 
m to a few km, and data rates ranging from 1 Mbps to 10 Gbps [27, 63, 64]. 
Cellular communication backhaul – FSO technology can be used to carry traffic 
between base stations and switching centres in third/fourth generation (3G/4G) networks. 
It can also transport the IS-95 code division multiple access (CDMA) signals from macro- 
and micro-cell sites to the base stations [27]. 
Backup to optical fibre links – FSO links can be used as backup links in 
conditions where optical fibre communication links are not available, broken or damaged 
[27, 72]. FSO is also generally utilised to conserve high link availability in cases where 
fibre optics links are practically difficult to use due to complex physical 
implementations [73]. 
Disaster recovery/temporary links – FSO links could be used as temporary links 
when existing communication networks have been damaged [74, 75, 76]. 
Multi-campus communication network – FSO has found applications in 
interconnecting campus networks and providing backup links at fast-Ethernet or 
gigabit-Ethernet speeds [77]. 
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Difficult terrains – FSO technology can be used in situations where installing 
cable-based communication links is challenging or costly. 
High-definition television – In broadcasting live events from remote areas and 
war zones, signals from the cameras have to be sent to the broadcasting vehicle, which is 
connected to a central office via a satellite uplink. In such scenarios, high-quality 
transmission between the camera and the vehicle can be offered via FSO technology [1, 
60, 63, 64]. 
2.5. The FSO System 
The block diagram of a typical terrestrial FSO system is presented in Figure 2-2. 
In common with other communications technologies, an FSO system fundamentally 
consists of a Tx, a channel, and an Rx. 
 
Figure 2-2: Block diagram of a terrestrial FSO system. 
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2.5.1. The Transmitter 
The Tx’s main role is to convert an electrical signal into an optical signal using a 
laser or an LED. The optical signal is then transmitted to the Rx over the atmosphere. The 
Tx is typically comprised of a modulator, a driver, a laser diode and transmitting optics. 
The most commonly used modulation type is the IM, in which the data source is 
modulated onto the intensity of the optical radiation. This is achieved by changing the 
drive current of the optical source in accordance with the data to be carried. Alternatively, 
an external modulator, such as a Mach-Zehnder interferometer (MZI), could be used to 
modulate the frequency or phase of the optical carrier signal [1]. Using an external 
modulator ensures a higher data rate than direct modulation, however, such modulators 
typically have a nonlinear response. A transmitter telescope (TT) is used for collimating 
the optical beam prior to transmission. Table 2-1 shows a summary of optical sources that 
are usually utilised in FSO systems. 
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Table 2-1: Optical sources. 
Wavelength 
(nm) 
Type Features 
~850 Vertical cavity 
surface emitting 
laser 
 Cheap and readily available (CD lasers) 
 No active cooling 
 Low power density 
 Data rates up to ~10 Gbps 
 Typical power: 6 mW 
~1300/~1550 Fabry-Perot 
lasers 
 
Distributed-
feedback 
Lasers 
 Low eye safety criteria 
 High power density (100 mW/cm2) 
 Typical power: 28 mW. 
 Compatible with Erbium-doped fibre 
amplifiers (EDFA). 
 High speed, up to 40 Gbps. 
 Efficiency of 0.03-0.2 W/A. 
 Typical power can reach 1–2 W when merged 
with Erbium-doped fibre amplifiers [53]. 
~10,000 Quantum 
cascade laser 
 
 Expensive. 
 Very fast and highly sensitive laser. 
 Components not readily available. No output 
power higher than 100 mW. 
Near Infrared LED 
 
 Cheap 
 Non-coherent 
 Low power density, hence safer [78] 
 Simpler driver circuit 
 Low data rates: < 200 Mbps [79] 
 Typically low power: < 10 mW 
Most FSO systems are designed to operate in the range between the 780–850 nm 
and 1520–1600 nm spectral windows. The first range is the most widely adopted due to 
the fact that suitable devices and components are readily available and at a low cost [27]. 
The 1550 nm band is, however, attractive for several reasons including a) compatibility 
with the third transmission window in optical fibre communications; b) achievability of 
a higher transmit optical power than the 780 nm band, and c) a lower solar background 
radiation level and scattering in light fog. Therefore, at 1550 nm, more power can be 
transmitted to surmount attenuation due to fog [80].  
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2.5.2. The Atmospheric Channel 
The transmitted laser beam travelling through the atmosphere encounters 
absorption, scattering, and fluctuation due to atmospheric conditions such as snow, rain, 
fog, low cloud, turbulence, smoke, and dust particles [41, 81]. However, fog and 
turbulence are the two dominant atmospheric conditions that affect the FSO link 
reliability and availability [82, 83]. Optical communication channels are different from 
the conventional Gaussian noise channel, due to the fact that the signal x(t) constitutes 
power rather than amplitude. Therefore, the two main constraints on the transmitted signal 
are: (a) x(t) must be positive in value and (b) the average value of x(t) must be less than 
the specified maximum power Pmax , which is given by: 
 
1
lim ( ) ( )
2
T
max T
T
P x t d t
T


   (2.1) 
The constituents of the atmospheric channel, which comprise of various gases and 
aerosols, are listed in Table 2-2. Aerosols have diverse nature, shapes, and sizes. 
Furthermore, aerosols can vary in terms of distribution, constituents, and concentration. 
In the presence of aerosols in the channel, the interaction between the aerosols and light 
can have a large dynamic in terms of . 
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Table 2-2: The gas elements of the atmosphere [83]. 
Constituent Volume Ratio (%) Parts Per Million ppm) 
Nitrogen (𝑁2) 78.09  
Oxygen (𝑂2) 20.95  
Argon (𝐴𝑟) 0.93  
Carbon dioxide (𝐶𝑂2) 0.03  
Water vapour (𝐻2𝑂)  40 – 40,000 
Neon (𝑁𝑒)  20 
Helium (𝐻𝑒)  5.2 
Methane (𝐶𝐻4)  1.5 
Krypton (𝐾𝑟)  1.1 
Hydrogen (𝐻2)  1 
Nitrous oxide (𝑁2𝑂)  0.6 
Carbon monoxide (𝐶𝑂)  0.2 
Ozone (𝑂3)  0.05 
Xenon (𝑋𝑒)  0.09 
2.5.3. Atmospheric Attenuation 
Atmospheric attenuation is the process whereby some, or most of the 
electromagnetic wave energy is lost by traversing the atmosphere. The atmosphere causes 
signal degradation and attenuation in an FSO system in various ways, including 
absorption, scattering, and scintillation. All these effects vary with time and the current 
local conditions and weather. Generally, atmospheric attenuation is defined by the 
Beer-Lambert law as follows [27]:  
( , ) exp( ( ) )R T
T
P
L L
P
      , (2.2) 
where γT(λ) and ( , )L  represent the total attenuation/extinction coefficient and the 
transmittance of the atmosphere at a given  respectively. TP  is the transmit optical 
power and RP  is the received optical power after a defined transmission span L.  
1(m )

Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
27 
Scattering is the process by which small particles suspended in a medium of a 
different index of refraction diffuse a portion of the incident radiation in all directions. 
With scattering, there is no energy transformation, but a change in the spatial distribution 
of the energy [48]. The scattered light is polarised, and of the same  as the incident , 
which means that there is no loss of energy to the particle [84].  
The three main types of scattering are: (1) Rayleigh scattering, (2) Mie scattering, 
and (3) non-selective scattering, as shown in Figure 2-3. 
 
Figure 2-3: Comparison between Rayleigh, Mie scattering and Mie Scattering with 
larger particles [49]. 
Another challenging aspect of the FSO channel is atmospheric turbulence. Part of 
the radiation directed from the Sun towards the Earth is absorbed by the Earth’s surface, 
thus causing the surface to heat up. The resulting mass of warm and light air mixed with 
the cooler air results in turbulence. This culminates in a small (in the range of 0.01 to 0.1 
degrees) but spatially and temporally fluctuating atmospheric temperature [65] 
The temperature inhomogeneities of the atmosphere lead to fluctuations in the 
refractive index that cause variations in the size of air packets from ~0.1 cm to ~10 m. 
These air packets behave like refractive prisms of diverse indices of refraction. The 
propagating optical radiation is, therefore, fully or partially deviated depending on the 
relative size of the beam and the degree of temperature inhomogeneity along its path. As 
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such, the optical radiation passing through the turbulent atmosphere experiences random 
variation/fading in its irradiance (scintillation) and phase [53, 65, 85].  
Atmospheric turbulence depends on wind speed, the variation of refractive index, 
and the atmospheric altitude/pressure. The impact of atmospheric turbulence on  
laser-based communications includes [86]: 
a) Beam steering – angular deviation of the beam from its initial LOS target, which 
leads to the beam being out of the Rx aperture range. 
b) Image dancing – due to variations in the beam’s angle of arrival, the received 
beam’s focus moves arbitrarily in the image plane. 
c) Beam spreading – the beam divergence is increased because of the presence of 
scattering, which results in a reduction in the received power density. 
d) Beam scintillation – the optical beam phase front is impaired by variations in the 
scintillation index, leading to irradiation fluctuations, or scintillations. 
e) Spatial coherence degradation – the phase coherence throughout the beam phase 
fronts suffers losses due to turbulence [87]. 
f) Polarisation fluctuations – these result from changes in the state of polarisation 
of the received optical field after traversing a turbulent medium. However, 
Polarisation fluctuations are negligible for a horizontally travelling optical beam, 
as per several studies conducted to estimate the magnitude of the change of 
polarization in an electromagnetic signal as it travels through turbulent 
atmosphere [88,207, 208]. Several expressions are used (with similar outcomes) 
to determine the depolarization of the electromagnetic field of a quasi-
monochromatic light source at a particular optical frequency. For instance, for 
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L=1500m,  
λ= 1550 nm, and 𝐶𝑛
2= 1x10-13, the depolarized component is 2.1 × 10-18 smaller 
than the polarized component [209]. 
g) The modelling and statistical behaviour of the received irradiation, atmospheric 
fog and turbulent channel will be examined in detail in Chapter Three. 
2.5.4. The Receiver 
The transmitted data from the incident optical field is recovered and collected by 
the Rx, which consists of the following: 
a) Rx telescope – is used principally to collect, focus and guide the incoming 
radiation towards the photodetector. Therefore, a large Rx telescope aperture is 
essential for collecting multiple non-coherent radiations. 
b) Optical bandpass filter – is used to reduce the amount of background radiation. 
c) Photodetector – positive intrinsic negative (p-i-n) diodes (PIN) or avalanche 
photodiodes (APD) are both suitable photodiodes, which convert the incident 
optical field into an electrical signal. The most commonly used photodiodes and 
their characteristics are summarised in Table 2-3. 
d) Post-detection processor/decision circuit – the amplification, filtering and further 
signal processing are carried out in this subsystem in order to ensure high fidelity 
of the recovered data. 
In this research, a Thorlabs PDA36A detector, which includes a reverse-biased 
PIN photodiode, mated to a switchable gain transimpedance amplifier, and packaged in a 
rugged housing (as sketched in [223]), was used. 
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Table 2-3: Photodetectors for FSO applications. 
Material/Structure Wavelength (nm) 
Responsivity 
(mA/W) 
Typical Sensitivity Gain  
Silicon PIN 300–1100 0.5 
-34 dBm@155 
Mbps 
1 
Silicon PIN, with 
transimpedance 
amplifier 
300–1100 0.5 
-26 dBm@1.25 
Gbps 
1 
InGaAs PIN 1000–1700 0.9 
-46 dBm@155 
Mbps 
1 
Silicon APD 400–1000 77 
-52 dBm@155 
Mbps 
150 
InGaAs APD 1000–1700 9 
-33 dBm@1.25 
Gbps 
10 
The Rx detection process can be divided into two categories: 
Direct detection receiver – is the most widely used receiver and has a rather 
simple implementation [86]. 
Coherent detection receiver – is based on the photo-mixing process. Coherent 
detection can be either homodyne or heterodyne. In a homodyne Rx, the frequency of the 
local (optical) oscillator is precisely the same as that of the incoming radiation [86]. In 
contrast, in heterodyne detection, the incoming radiation and the local oscillator 
frequencies are different [89]. The main advantages of a coherent Rx are easy 
amplification at an intermediate frequency and the improved signal-to-noise ratio, which 
is achievable through increasing the power of the local oscillator. 
The Rx deployment and the detection process are discussed in more detail in the 
next chapter. 
2.6. Noise in Optical Detection 
There are several noise sources that are associated with optical communication 
systems, principally originating from the background radiation and the internal 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
31 
mechanisms behind optical and electronic devices [86, 89]. The dominant sources of 
noise are summarised below. 
2.6.1. Thermal Noise 
 Thermal noise results from the interaction between the free electrons and the 
vibrating ions in a conducting medium [70, 86, 89]. It is known and viewed as ‘white’ 
noise due to the fact that the power spectral density (PSD) is frequency independent. The 
Gaussian distribution is used to describe the statistical behaviour of the thermal noise with 
zero mean and variance [79]: 
2 B4k ,e
Th
L
T B
R
   (2.3) 
where kB is the Boltzmann’s constant (1.3806503 2310  m 2  kg s 2 K 1 ), Te is the 
temperature in Kelvin, B is the bandwidth in Hz and RL is the equivalent load resistance 
in Ohm ( ) and is normalised to 1  . 
2.6.2. Photon Fluctuation Noise 
An important source of noise affecting all types of photodetectors is related to the 
quantum nature of light itself, and is due to the varying number of photons provided by a 
coherent optical source (the mean radiation intensity remains constant) [86]. The variance 
of quantum noise can be expressed by [1, 70]: 
2 2 ( ) ,Qtm q i B   (2.4) 
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where q is the electric charge, and (i) is the mean generated electric current over a given 
period of time. 
2.6.3. Dark Current Shot Noise 
The dark current is the photocurrent produced when no photons are incident on 
the photodetector. The dark current, originating from the transition of electrons from the 
valence to the conduction band, includes a tunnel, leakage, and diffusion currents, as well 
as a generation-recombination process taking place in the space-charge region, which is 
proportional to the volume of the depletion region [135]. The value of the dark current is 
dependent on the energy band-gap of the photodetector material. The shot noise variance 
is given by [1]: 
2 2 ( ) .
Dk
q i B   (2.5) 
2.6.4. Background Radiation 
Background radiation noise results from the detection of photons caused by the 
environment. This type of noise is dominated by two main sources, namely localised point 
sources (e.g. the Sun) and extended sources (e.g. the sky). The background radiation from 
other sources including celestial bodies (such as stars) and reflected background radiation, 
are assumed to be too weak to be considered for a terrestrial FSO link. Nevertheless, such 
sources contribute significantly to background noise in deep space FSO. The impact of 
background noise can be usually decreased by using an optical band-pass filter (OBPF) 
and an Rx with a very narrow field of view (FOV). The background radiation considered 
as the shot noise has a variance of [69]: 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
33 
2 2 ( + ),Bg SunskyqB I I    (2.6) 
where skyI and SunI  represent the radiation from the sky and the Sun respectively. 
Generally, the background radiation noise is greater than other noise processes [1, 86], 
resulting in dominating the whole shot noise, which is the sum of all types of noise. 
2.7. Eye Safety and Standards 
According to [27, 92], some high-power laser beams used for medical procedures 
can damage the human skin. However, the part of the human body most susceptible to 
serious laser damage is the eye. As per sunlight, laser light travels in parallel rays. Like 
staring directly into the Sun, exposure to a laser beam of sufficient power can result in a 
permanent eye injury [66, 93]. The eye can focus light covering 0.4 <  < 1.4 µm on the 
retina, while other wavelengths tend to be absorbed by the front part of the eye (the 
cornea) before the energy is focused. Figure 2-4 shows the absorption of light by the 
human eye at different wavelengths. 
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Figure 2-4: Response/absorption of the human eye at various wavelengths [53]. 
There are a number of international standard bodies which provide standards on 
safety for working with IR radiations. A list including some of such organisations and 
their standards is presented in [31, 90]. 
Table 2-4 presents the main characteristics and requirements for the various 
categories of the lasers classification system, as specified by The International 
Electrotechnical Commission (IEC 60825-1) standard [80, 91]. For instance, classes 2 
and higher must have the triangular warning label, and other labels are required in specific 
cases signalling laser emission, laser apertures, skin hazards, and invisible wavelengths. 
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Table 2-4: Classification of lasers according to the IEC 60825-1 standard. 
Category Description 
Class 1 Low power device with radiation at a wavelength range of 302.5−4000 nm. 
The device is intrinsically safe by its technical design under all reasonably 
predictable usage circumstances, including applying optical vision 
instruments (binoculars, microscopes, monocular). 
Class 1M Similar to Class 1, but with large diameter beams which are divergent. As 
such, there is a possibility of danger when viewed with optical instruments 
such as binoculars, telescope, etc. 
Class 2 This class is safe and it is limited to a 1mW continuous wave (CW). Eye 
protection is normally ensured by the defence reflexes of the eye, including 
the palpebral reflex (closing of the eyelid). The palpebral reflex offers 
efficient protection over all foreseeable utilisation conditions, admitting 
vision using optical instruments (binoculars, microscopes, monocular). 
Class 2M Visible radiation from a low power device (in the 400−700 nm band). Eye 
protection is usually guaranteed by the defence reflexes provided by the 
palpebral reflex (closing of the eyelid). Similar to Class 2, the palpebral 
reflex offers an effective protection under all usage conditions, however, not 
in the case of using optical instruments (binoculars, microscopes, 
monocular). 
Class 3R Average power device emitting radiation in the range of 302.5−4000 nm. 
Direct vision is potentially dangerous. 
Class 3B Average power device emitting radiation in the 302.5−4000 nm band and has 
a power limit of 30mW. Direct vision of the beams is hazardous. Medical 
checks and specific training are required before installation or maintenance 
is carried out. 
Class 4 As a higher power class, the device is always dangerous to the eye and the 
skin, and fire risks also exist. Must be equipped with a key switch and a safety 
interlock. Medical checks and specific training are required before 
installation or maintenance is carried out. 
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2.8. Summary 
This chapter provided a review of FSO technology. Key features required of FSO 
technology to be suitable for use within the access network were highlighted, while the 
challenges posed by the atmospheric channel to an optical beam going through it were 
also discussed. Areas, where FSO can act as a data bridge, were mentioned, and lasers 
classification and safety requirements were also introduced.
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3. THE ATMOSPHERIC TURBULENCE 
MODEL 
3.1. Introduction 
In order to predict the reliability of an optical system operating in different 
environments, it is very important to understand the statistical distribution of the received 
irradiance traveling through an atmospheric channel. In clear weather conditions, apart 
from attenuation, atmospheric turbulence also affects the FSO link performance [94, 95, 
163]. Solar radiation absorbed by the Earth’s surface induces warmer air around the 
Earth’s surface than that at higher altitudes. Therefore, the warmer air being lighter rises 
to mix turbulently with the surrounding cooler air, thus causing the air temperature to 
fluctuate randomly [32, 96]. 
Inhomogeneities produced by turbulence can be regarded as discrete cells, or 
eddies of different temperature, behaving like refractive prisms of different sizes and 
indices of refraction [2, 50]. The interaction between the propagating optical beam 
(coherent focused laser beams) and the turbulent medium lead to random phase and 
amplitude variations (scintillation) of the information-bearing optical beam, thus resulting 
in fading (sometimes deep fading) and phase wondering (i.e. beam spreading) that 
degrade the performance of FSO links [97]. A number of mathematical models for the 
random fading irradiance distributions have been developed. However, due to the extreme 
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complexity involved in mathematically modelling atmospheric turbulence, a valid and 
universal probability density function (pdf) that describes all turbulence regimes does not 
currently exist [1, 98]. The main reported model for irradiance fluctuations, namely the 
lognormal model corresponding to the weak regime [36, 63, 85, 94, 98], is elaborated 
upon and discussed in this chapter.  
3.2. Optical Turbulence  
 Atmospheric turbulence is an outcome of the fluctuation of the atmospheric 
refractive index n along the path of the optical field/radiation passing through the 
atmosphere. This refractive index fluctuation is the direct and final result of the random 
variations in atmospheric temperature from point to point [32, 122]. Furthermore, these 
random temperature variations are a function of atmospheric pressure, altitude, and wind 
speed. The smallest and the largest of the turbulence eddies are named the inner scale, Is, 
and the outer scale, Os, of turbulence respectively. In general, Is is in the order of a few 
millimetres, whereas Os is typically in the order of several metres [29, 100]. These small 
sized prisms acting like eddies trigger a randomised interference effect between different 
points of the propagating beam, leading the wavefront to be distorted in the process, as 
shown in Figure 3-1. 
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Figure 3-1: An atmospheric channel with velocity fluctuations and turbulent eddies. 
Usually, Os grow linearly within the height of the observation point over the 
ground in the surface layer to values close to 100 m. On the other hand, Is near the ground 
is normally between 3 to 10 mm and can stretch to several centimetres in metres high 
altitudes ħ [100, 101]. 
The relationship between the temperature of the atmosphere and its refractive 
index is given by [102]: 
3 2 61 77.6(1 7.52 10 ) 10 ,
e
p
n
T
         (3.1) 
5
2
7.8 10 ,n
e
e
d p
d TT
    (3.2) 
where P is the atmospheric pressure in millibars. Humidity effects on the refractive index 
are considered negligible at specific bands [98]. 
Rytov variance 
2
l
  for a plane wave is defined as the turbulence strength 
measurement [1, 103, 104]: 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
40 
2 2 7/6 11/61.23 ,nl C K L   (3.3) 
where
2
nC  refers to the index of refraction structure parameter, K = 2π/λ is the optical wave 
number, and L(m) is the link length between Tx and Rx.  
The value of 
2
nC changes with the altitude and is described by the Hufnagel-Valley 
(H-V) model, which is given by [1, 43, 70, 100]:  
2 2 5 10 16( ) 0.00594( / 27) (10 ) exp( /1000) 2.7 10
ˆexp( /1500) exp( /100), 
nC
A
     
  
 (3.4) 
where Â is the normal value taken as the nominal value of 
2
nC  (0) at the ground in 
2/3m  , and v is the root mean square (RMS) wind speed (pseudo wind) in metres per 
second (m/s). The value of the index of refraction structure parameter changes with 
altitude, but for a horizontally spreading field, it is commonly assumed constant. In 
general,
2
nC  is defined as 
12 2/310 m   for strong turbulence and 17 2/310 m   for weak 
turbulence. A typical average value is thus 15 2/310 m   [105]. 
In the spectral domain, the PSD of the refractive index fluctuation is closely 
related to
2
nC  via [106, 107]: 
2 11/3( ) 0.033 ,n nK C K
   2 / 2 / ss K IO    .   (3.5) 
However, for a broad range of K, a different expression is derived by Tatarski and 
von Karman and described in [105, 108, 109]. Evaluating and mathematically 
characterising the turbulence is very challenging and complex due to the fact that 
observable atmospheric quantities are mixed non-linearly [100]. Hence, in order to 
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deduce expressions for the statistical properties (namely the pdf and variance) of an 
optical beam spreading through the turbulent atmosphere, the following assumptions are 
employed to reduce mathematical details [105, 110]: 
1) The atmospheric FSO channel is non-dispersive for wave propagation. This 
assumption can be explained by the fact that in the case of radiation and absorption 
of the optical beam by the atmosphere, the heat generated is unimportant 
compared to diurnal contributions. 
2) The optical beam is not affected by any energy loss caused by atmospheric 
scattering. Consequently, the mean energy in the absence or presence of 
turbulence is the same. This assumption is valid for spherical and plane waves. 
Generally, a laser beam propagating over a long link span is considered to be a 
plane wave [98]. 
3.3. The Lognormal Turbulence Model 
In reporting the pdf of the irradiance fluctuation in a turbulent atmosphere, the 
beam is first represented by its component electric field by employing Maxwell’s 
electro-magnetic equations for the case of a spatially variant dielectric such as the 
atmosphere [45]: 
2 2 2 2 [ ( )] 0E k n E E. ln n      ,  (3.6) 
where the vector gradient operator ( ) ( ) ( )i+ j+ k
x y z
  
 
  
, with i, j and k being the unit 
vectors along the x, y and z-axes respectively. The last term on the left-hand side of 
(3.6) represents the turbulence induced depolarisation of the wave. In the case of 
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weak atmospheric turbulence, which is characterised by a single scattering event, the 
wave depolarisation is negligible [36, 111, 112]. In fact, it has been demonstrated, 
both theoretically [112] and experimentally [113], that depolarisation is not important 
even for strong turbulence. Therefore (3.6) can be written as:  
2 2 2 0E k n E    (3.7) 
The position vector is henceforward referred to by r, and E is represented by E(r) 
for convenience. 
In solving (3.7), Tatarski [108] introduced a Gaussian complex variable Ψ(r), 
defined as the natural logarithm of the propagating field E(r) and termed the Rytov 
transformation, which is given by:  
( ) ln[ ( )]r E r   (3.8) 
Rytov approach is also grounded on a fundamental assumption that the turbulence 
is weak and is characterised by a single scattering process.  Evoking Rytov transformation 
(3.8), and matching the mean refractive index of the channel n0 to unity, (3.7) transforms 
to the following Riccati equation, whose solution already exists 
2 2 2 2
1
( ) (1 ) 0k n      , (3.9) 
where n1 represents the turbulence induced random fluctuation component. By means of 
the smooth perturbing method [95], the Gaussian complex variable Ψ(r) =ln Er  
can be 
written as [108]: 
0 1
( ) ( ) ( )r r r   ,  (3.10) 
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where 0 and 1 represent the absence-of-turbulence part and the turbulence induced 
deviation respectively. Combining (3. 10) with the Rytov change of variable (3.8) leads 
to the following: 
1 0
( ) ( ) ( )r r r   , (3.11) 
1 0
( ) ln[ ( )] ln[ ( )]r E r E r  
0
( )
ln[ ]
( )
E r
E r
 , (3.12) 
where the electric field in free space (with no turbulence) E0(r) is given by: 
( ) ( )exp( ( ))E r A r i r  , (3.13a) 
0 0 0
( ) ( )exp( ( ))E r A r i r  , (3.13b) 
where A(r) and ( )r  represent the amplitude and phase of the field with atmospheric 
turbulence respectively, whilst A
0
(r) and o (r)  stand for the amplitude and phase of the 
field with no atmospheric turbulence respectively. Therefore, (3.12) can be rewritten as 
[1, 114]: 
1 0
0
( )
( ) ln[ ] [ ( ) ( )]
( )
A r
r i r r X i
A r
        , 
(3.14) 
As 1 (r) is Gaussian, X refers to the Gaussian distributed log-amplitude 
fluctuation and   represents the Gaussian distributed phase fluctuation of the field. By 
focusing solely on the field amplitude, however, the pdf of X can be expressed by [45, 47]: 
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2
22
1 ( [ ] )
( ) exp
22 xx
X E X
P X
  
 
 

 

 , 
(3.15) 
where E[X] represents the expectation of X and
2
x  denotes the log-amplitude variance, 
usually referred to as the Rytov parameter. According to [30], 2x  is what qualifies the 
extent of field amplitude fluctuation in atmospheric turbulence and is associated with 
2
nC  
and the horizontal distance, L, and given by: 
2
0
2 7/6 5/60.56 ( )
L
nx Ck L x dx    for a plane wave, (3.16) 
and 
2 5/6 5/6
0
2 7/6 ( / ) ( )0.56
L
nx C x L L xk dx     for a spherical wave (3.17) 
For a field spreading horizontally over a turbulent medium, as is the case in major 
terrestrial applications, 2
nC  remains constant, and the log irradiance variance for a plane 
wave turns into: 
2 2 7/6 11/61.23 nl C k L   (3.18) 
The field irradiance (intensity) in the turbulent medium is 
2
( )I A r , while the 
intensity of free space without turbulence is
2
0 0 ( )I A r . The log-intensity is therefore 
given by: 
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0
2
( )
log 2
( )
A r
l Xe A r
  . 
(3.19) 
Therefore, 
0
exp( )I I l  (3.20) 
In order to get the irradiance pdf, the variable transformation ( ) ( )
dX
P I P X
dI
  is 
invoked, and log-normal pdf is obtained via [103, 104]: 
2(ln( / ) [ ] )1 1 0( ) exp
22 22
I I E l
P I
I
ll
 
 
 
 


 

  0I  . 
(3.21) 
In regions of weak turbulence, the statistics of the irradiance fluctuations, reported 
experimentally in [49], indicate that they obey log-normal distribution. 
From (3.19), the log-intensity variance 
2 24l x    and the mean log intensity  
E[l] =2E[X]. Based on the second assumption in Section 3.2, 
0[exp( )] [ ] 1E l E I / I  . 
The amount of energy is considered to be the same during the scattering process, which 
means E[I]=I0. Using the standard relation (3.22) (which is valid for a Gaussian random 
variable with real values) [105], the expression for E[l] is given by [164]: 
2 2[exp( )] exp( [z] 0.5 )zE az aE a   , (3.22) 
21 exp( [ ] 0.5 )lE l   , (3.23) 
2[ ] / 2lE l   , (3.24) 
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Figure 3-2: Normalised log-normal pdf for a range of irradiance variance 
2
l  values. 
After obtaining the pdf of the irradiance fluctuation, it is also possible to derive 
an expression for the variance of the irradiance fluctuation
2
l
 , which characterises the 
strength of irradiance fluctuation. The log-normal pdf is plotted in Figure 3-2 for various 
values of log irradiance variance. The normalised variance of the irradiance fluctuation, 
also referred to as the scintillation index (S.I), which mainly characterises the effects of 
atmospheric turbulence, is hence given by [100]: 
2
2 2
02
0
S.I exp( ) 1IN
I

     , (3.25) 
When S.I. increases linearly with 
2
l
  until it attains a maximum value greater than 
unity, the scintillation transitions into the strong turbulence regime qualified by random 
focusing due to the large-scale inhomogeneities [36, 98]. Continuously increasing the 
inhomogeneity strength causes the decrease of the focusing effect and the peak 
fluctuations as a direct outcome of multipole self-interferences. In this case, the 
turbulence moves into the saturation regime, at which the value of the scintillation index 
approaches unity as Rytov parameter increases [98]. 
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3.4. Spatial Coherence in Weak Turbulence 
Due to temperature, velocity and refractive index fluctuations, the spatial 
coherence of the beam degrades during propagation over the atmospheric channel. The 
extent of this coherence degradation is a function of the atmospheric turbulence strength 
and the propagation distance. As per Rytov approach, applied in the modelling of weak 
atmospheric turbulence, the spatial coherence of a field propagating over the atmosphere 
can be expressed by [36, 100, 111]: 
0
2 5/3( ) exp[ ( ) ]Ax       , (3.26) 
Where 0  refers to the transverse coherence length at which the coherence of the optical 
field is equal to e-1. 
The transverse distance ρ0 for the plane and spherical waves is given by the 
following equations respectively [36]: 
2 2 3/5
0
0
[1.45 ( ) ]
L
nk C x dx
   , (3.27) 
2
0
0
2 5/3 3/5( )( )[1.45 / ]
L
nk C x x L dx
   . (3.28) 
The coherence length is useful in determining the size of the Rx aperture. The 
coherence length reduces as the link range or the turbulence level rises. A comparison of 
the spatial coherence length (in meters) for a plane wave in strong turbulence 
2 12 2/310nC m
   nm and weak turbulence 
2 15 2/310nC m
   at  of 830 and 1550 nm are 
given in Tables 3-1 and 3-2 respectively. 
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Table 3-1: The dependence of the spatial coherence length on wavelength and link 
distance for 
2 12 2 310nC m
  . 
Link distance (km) 0.1 1 10 100 
Spatial coherence length (m) at  of 830 nm 2.8 0.7 0.18 0.04 
Spatial coherence length (m) at  of 1550 nm 6.5 1.6 0.3 0.09 
Table 3-2: The dependence of the spatial coherence length on wavelength and  
link distance for 
2 15 2 310nC m
  . 
Link distance (km) 0.1 1 10 100 
Spatial coherence length (m) at λ of 830 nm 0.5 0.1 0.05 0.01 
Spatial coherence length (m) at  of 1550 nm 0.7 0.2 0.09 0.04 
3.5. Summary 
In this chapter, characterisation of different atmospheric turbulence models was 
presented, covering short to very long range FSO links. The log-normal distribution was 
discussed and its limitations highlighted. This model is mathematically presented as 
tractable, however, it is only valid for the weak turbulence regime. In other cases where 
multiple scattering needs to be accounted for (i.e. a strongly turbulent atmosphere), the 
Gamma-Gamma model is more suitable but lacks the mathematical convenience of the 
log-normal distribution. The log-normal model will be applied in the subsequent chapters 
to characterise the statistical behaviour of the received signal, and derive expressions for 
the error performance of short to very long FSO links. 
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4. FSO MODULATION TECHNIQUES  
4.1. Introduction 
This chapter introduces the modulation techniques widely employed in FSO, and 
discusses their performance through channel impairments such as noise and channel 
fading caused by atmospheric turbulence. The selection of the most appropriate 
modulation scheme in the design process an FSO system is very crucial for the 
performance of the communication system [116, 120, 125, 126]. Prior to the selection of 
a modulation scheme, it is sensible to define the criteria of adopting a modulation scheme 
in communication systems [127, 128]. 
There are many different types of modulation schemes which are suitable for FSO 
communications. Similar to other communication systems, when choosing a modulation 
scheme for FSO systems, three important metrics need to be considered [43]: 
1) Power efficiency: Due to skin and eye safety considerations, the emitted optical 
power permitted is limited. Therefore, modulation schemes with a high peak and 
low average power would be the most suitable options. 
2) Bandwidth efficiency: This may be more important for non-FSO systems.  
3) System equipment: In FSO systems, the optical carrier can be said to have 
'unlimited bandwidth', but the other constituents of the systems (e.g. 
photodetector) limit the bandwidth practically available. 
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4) Simplicity: The simplicity of a modulation scheme is very important as directly 
affects the cost of implementation.  
This chapter focuses on the following digital modulation techniques: OOK, 
BPSK-SIM, PPM, QPSK and hybrid BPSK-SIM-PPM. Due to the fact that the average 
emitted optical power is always limited, we compared the performance of the modulation 
techniques in terms of the average received optical power to attain a desired bit error rate 
at a given data rate. While it is very important for the modulation scheme to be power 
efficient, this is not the only determining factor in the selection of a modulation technique. 
The design complexity of the corresponding Tx and Rx and the bandwidth requirement of 
the modulation scheme are all equally significant.  
OOK is the classical often-used modulation technique [27, 53]. This is principally 
due to its design and implementation simplicity, which is the reason why the major 
reported research studies in the literature [49, 51] are established on this signalling 
technique. However, the performance of fixed threshold level OOK in atmospheric 
turbulence is not optimal, as will be highlighted in the following section. In atmospheric 
turbulence, an optimal performing OOK necessitates the threshold level to change 
according to the persisting irradiance fluctuation and noise (that is, to be adaptive) [1]. 
The PPM scheme expects no adaptive threshold and is predominantly employed for deep 
space FSO communication links due to its increased power efficiency compared to the 
OOK scheme [129, 130, 131]. On the other hand, the PPM modulation technique requires 
a complex transceiver design due to tight synchronisation requirements and a higher 
bandwidth than OOK. 
The performance analysis of these modulation schemes and that of the SIM and 
QPSK schemes are further discussed in this chapter. The SIM scheme also adopts no 
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adaptive threshold, and does not require as much bandwidth as PPM, but suffers from a 
high peak to average power ratio, which translates into poor power efficiency. Opting for 
a modulation scheme for a specific application hence implies trade-offs among these 
highlighted factors. 
4.2. On-Off Keying 
OOK is the prevailing modulation scheme used in a commercial terrestrial 
wireless optical communications system; this is mainly because of its simplicity and 
resilience to the nonlinearities of the laser and the external modulator. OOK can employ 
either non-return-to-zero (NRZ) or return-to-zero (RZ) pulse formats. In NRZ-OOK an 
optical pulse of peak power e TP  stands for a digital symbol ‘0’ whilst the transmission 
of an optical pulse of peak power presents a digital symbol ‘1’. The optical source 
extinction ratio, e , has the range 0 1e  . The finite duration of the optical pulse is 
the same as the symbol duration Tps. In the case of OOK-RZ Tps is lower than the bit 
duration Tb, which results in amelioration in power efficiency over NRZ-OOK at the 
expense of a raised bandwidth requirement. In all the analyses that follow the e , is equal 
to zero, and NRZ-OOK, which is the common scheme used in current commercial FSO 
systems, is presumed unless otherwise submitted. 
4.2.1. OOK-NRZ 
In NRZ-OOK, an optical pulse represents a digital symbol ‘1’, while the 
transmission of no optical pulse represents a digital symbol ‘0’. In order to simplify the 
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modulator, the pulse shape is generally chosen to be rectangular [132]. Adapting Tb, the 
bit rate is then expressed as:  
1/b bR T , (4.1) 
The normalised transmit pulse shape for OOK is defined by: 
1 for 0,
( )
0 otherwise
b
t T
g t
  



 , (4.2) 
In the demodulator, the received pulse is integrated over the one-bit period, and 
subsequently sampled and compared to a threshold to decide a ‘1’ or a ‘0’ bit. This is 
acknowledged as the maximum likelihood Rx, which minimises the BER [62]. 
Moreover, an important parameter that has to be taken into consideration in any 
modulation scheme is the bandwidth requirement. The bandwidth is estimated by the first 
zeros in the spectral density of the signal. The spectral density is calculated via the Fourier 
transform (FT) of the autocorrelation function. The electrical power density for 
OOK-NRZ considering the independently and identical distributed (IID) input bits is 
provided by [62, 133]: 
sin 12( ) ( ) 1 ( )
fT
bS f P R T frOOK-NRZ b fT T
b b
   
   
   
   

  

. (4.1) 
where Pr is the average electrical power and R stands for the response of the Rx. The 
OOK-NRZ modulation format changes in pulse width; that is the pulse shape is high for 
only a fraction of bit duration δTb, with 0 1  . The advantage of this scheme is to 
attain a reduction in the transmitted power. Nevertheless, as δ decreases, the bandwidth 
requirement increases faster than the diminution in power requirement. Therefore, this 
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type of OOK is inferior to PPM, which requires less bandwidth to achieve a given 
reduction in power. For δ = 0.5, this scheme is usually named OOK-RZ [96, 62]. In 
OOK-RZ, the power requirement is reduced to half of the regular OOK-NRZ, at the 
expense of doubling the bandwidth. The formula for the electrical power density for 
OOK-RZ, considering random input bits, is as follows [133]: 
2
sin / 2 12( ) ( ) 1
/ 2
b
r b
b b b
fT n
S f P R T f
OOK RZ fT T T
    
    
        

    
. (4.4) 
Figure 4-1 depicts the power spectrum for the OOK-NRZ and OOK-RZ (δ= 0.5) 
schemes. The power axis is normalised to the average electrical power Pr multiplied by 
Tb and the frequency axis is normalised to Rb. 
 
Figure 4-1: The power spectrum of the transmitted signals for OOK-NRZ and RZ [62]. 
4.3. Pulse Position Modulation 
In FSO communications, it is crucial to adopt power efficient modulation schemes 
due to the fact that the requirement for bandwidth is not a major issue. This is because 
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most of FSO links are LOS links employing a laser with abundant bandwidth. The PPM 
modulation scheme offers more power efficiency than OOK, but at the expense of an 
increased bandwidth requirement and higher complexity [134]. In L-PPM each word of 
M bits is mapped into one of L=2M symbols and transmitted via the available channel. An 
L-PPM symbol has the form of a pulse transmitted in one of L=2M consecutive time slots 
with duration Ts=MTb/L, with the remaining slots being empty (see Figure 4-2). 
Information is encoded within the position of the one pulse of constant power along with 
(M -1) empty slots. The position of the pulse matches the decimal values of the M-bit 
input data [135]. 
The transmit pulse shape for L-PPM is defined by [124]: 
  _ _ ,11 ,
( )
0 otherwise
s PPM s PPM mT
PPM
mfor t T T
x t
   



 , (4.5) 
where m{1,2,3......L}. 
Therefore, the sequence of the PPM symbol can be expressed by: 
1
( )
0
symb
rPPM k
KTL
x t LP C g t
Lk
 
 
 
 

 

, (4.6) 
where  0 1 2 1, , ....k LC C C C C  denotes the PPM symbol sequence, g(t) is the pulse shape 
function of unity height having a duration of Tsymb/L, Tsymb (=Tb M) is the symbol interval 
and LPavg is the peak optical power of the PPM symbol [124]. 
In L-PPM, all signals are equidistant, with: 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
55 
min
2 2min ( ) ( ) 2 log ( )
2
slot
i j i jPPM
b
L
d x t x t dt LP
R
 
 
   , (4.7) 
where Lslot is the slot rate and P is the average power. The transmitted waveforms for 
16-PPM and OOK are shown in Figure 4-2. Detection of the L-PPM symbols requires the 
estimation of the slot where the pulse was most probably transmitted. Nevertheless, 
because of its superior power efficiency, PPM is an attractive modulation scheme for FSO 
communications and deep space laser communication applications [136]. The infrared 
physical layer of IEEE 802.11 standard on wireless local area networks (LANs) 
recommends 16-PPM for 1Mbps data rates and 4-PPM for 2 Mbps data rates [124]. 
 
Figure 4-2: Time domain waveforms for 4-bit OOK and 16-PPM. 
Due to the fact that the average emitted optical power is mostly limited, the 
performance of modulation techniques is usually compared in terms of the average 
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received optical power required to achieve the desired BER at a defined data rate [1, 137]. 
Figure 4-3 depicts the SNR required to attain a particular BER for OOK-NRZ, OOK- RZ 
and 4-PPM. 4-PPM requires almost 6 dB less power to achieve a BER of 10-9 compared 
to OOK-NRZ. 
 
Figure 4-3: BER performance for OOK (NRZ and RZ) and 4-PPM [49]. 
4.4. Subcarrier Intensity Modulation 
SIM is a technique adopted from the very successful multiple carrier RF 
communications already used in applications such as LANs, asymmetric digital 
subscriber line (ADSL), digital television, 4G communication systems, and optical fibre 
communications [138, 139]. For instance, in optical fibre communication networks, the 
subcarrier modulation techniques have been commercially adopted in carrying cable 
television signals, and applied in conjunction with WDM [140]. For the smooth 
integration of FSO systems into present and future networks that already hold subcarrier 
modulated (or multiple carriers) signals, the study of subcarrier modulated FSO is hence 
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important. There are several reasons for considering subcarrier intensity modulated FSO 
systems, including: 
a) Benefiting from the already developed and established RF communication 
components, such as stable oscillators and narrow filters [141].  
b) Avoiding the requirement for an adaptive threshold needed by optimum 
performing OOK-modulated FSO [1, 117].  
c) Can be employed to increase capacity by adapting data from different users on 
different subcarriers.  
d) Such systems have a relatively lower bandwidth requirement than PPM-based 
systems.  
On the other hand, there are some challenges facing the deployment of SIM 
systems, including: 
a) Relatively high average transmitted power due to:  
1) The optical source being ON throughout the transmission of both binary 
digits ‘1’ and ‘0’, which different from OOK where the source is just ON 
during the transmission of bit ‘1’. 
2) The multiple subcarrier composite electrical signal, being the sum of the 
modulated sinusoids (i.e. dealing with both negative and positive values), 
requires a direct current (DC) bias. This is to ensure that this composite 
electrical signal, which will eventually modulate the laser irradiance, is 
never negative. Enhancing the number of subcarriers N results in increased 
average transmitted power since the minimum value of the composite 
electrical signal step-downs (becomes more negative) and the required DC 
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bias consequently increases [111]. This factor results in poor power 
efficiency and places a limit on the number of subcarriers that can be 
admitted when using multiple SIM.  
b) The possibility of signal deformations due to the inherent laser non-linearity and 
signal clipping caused by over-modulation.  
c) The rigorous synchronisation requirements at the Rx side. 
In BPSK-SIM, the RF subcarrier pre-modulated with data d(t) is applied to 
modulate the intensity of the optical carrier. Figure 4-4 describes the modulation and 
demodulation processes in a BPSK-SIM FSO link. Prior to modulating, the optical carrier 
d(t) is modulated by the RF subcarrier BPSK signal, where bits ‘1’ and ‘0’ are 
corresponded with a phase shift of 180°. Unlike baseband modulation schemes (OOK, 
PPM and pulse amplitude modulation (PAM)) in which information is encoded in the 
amplitude of the carrier [49]), the information in BPSK-SIM is encoded in the phase of 
the RF carrier. This grants higher immunity to intensity fluctuation and removes the need 
to adaptive thresholding [1, 143]. 
 
Figure 4-4: Block diagram of a BPSK subcarrier intensity-modulated FSO link. 
The received photocurrent can be modelled as [124]: 
( ) ( )cos( ) ( )r j ci t d RI Ag t w t n t   , (4.8) 
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where  is the signal level for the jth data symbol matching to the data symbol 
‘1’ and ‘0’, I=0.5Ipeak, where Ipeak is the obtained peak irradiance, R is the photodetector 
responsivity, g(t) is the pulse shape function, n(t)≈N(0,σ2) is the additive white Gaussian 
noise (AWGN), which is an outcome of the thermal and the background noise, and ξ is 
the optical modulation index. 
By reducing the requirement for adaptive thresholding, as it is held at the zero 
mark [124] resulting in BPSK being simpler than OOK in an atmospheric turbulence 
channel, and considering the AWGN channel and the post-detection electrical signal-to-
ratio ratio (SNRe) at the input of the BPSK, the demodulation process is expressed by [1]: 
2( )
2 ( 2 )
m
e
e Bg B e L
IR P
SNR
B qRI k T / R



, (4.9) 
where 2(1/ ) ( )m
T
P T m t dt  is the subcarrier signal power, Be is the post detection 
electrical filter bandwidth expected to pass the information signal m(t) without distortion, 
and IBg stands for the background radiation irradiance. Multiple-SIM could be applied for 
higher capacity/users at the cost of poor power efficiency [144, 145]. In this thesis, the 
previously mentioned modulation schemes are experimentally implemented and 
compared as a means of battling the effect of atmospheric turbulence and fog in 
Chapters 6 and 7. 
4.5. Quadrature Phase Shift Keying (QPSK) 
QPSK is a commonly used modulation technique in fibre optical coherent 
communications. QPSK can be referred to as a method for transmitting digital 
information across an analogue channel. Data bits are grouped into pairs, and each pair is 
 1, 1jd  
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represented by a particular waveform, called a symbol, to be sent across the channel after 
modulating the carrier [146]. The QPSK modulation technique demonstrates a good 
compromise between Rx complexity, bit error rate, data rate, and bandwidth for free space 
links. It has twice the data rate for a given bandwidth compared to BPSK while holding 
the same bit error rate using heterodyne detection, leading to better performance in terms 
of sensitivity than other coherent systems (such as Amplitude Shift Keying (ASK) and 
Frequency-shift keying (FSK)), and permitting the implementation of higher modulation 
orders without increasing the complexity of the system [147, 148]. 
The fundamental function of a QPSK modulation scheme can be expressed by 
[148]: 
0( ) 2 ( os[ ]Ø )c ct p t w t , 
(4.10) 
1( ) 2 ( in[ ]Ø )s ct p t w t , 
(4.11) 
where the intermediate RF frequency wc=2πfc, fc is the carrier frequency and ( )p t  is a unit 
energy pulse shape of Tps duration. 
This is an orthonormal basis of the sinusoid, and both channels are autonomous 
from one another. The resulting signal comprising the information can be expressed as 
follows: 
samp0 1( ) 2 ( ) ( )cos[ ] ( ) ( )sin[ ]samp c cs t x k p t kT w t x k p t kT w tk    , (4.12) 
where x0(k) and x1(k) are the k-th transmitted symbol and Tsamp is the sampling time. This 
expression can be written as: 
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0( ) ( ) 2 ( ) ( - ) ( - ) + ( ) 2 ( ) ( - )samp samp samp1
s t = I t x k p t kT p t kT Q t x k p t kT  (4.13) 
where I(t) refers to the in-phase channel (I) and Q(t) stands for the quadrature channel 
(Q), and are defined by: 
0 samp( ) ( ) ( )TI t x k p t kk  , (4.14) 
1 samp( ) ( ) ( )TQ t x k p t kk   (4.15) 
The symbol constellation for QPSK modulation with Gray coding is shown in 
Figure 4-5. The relationship between the two signals, I and Q, define the demodulated 
data bits. 
 
Figure 4-5: QPSK symbol constellation with Gray coding. 
In order to build up a QPSK communication system, first, a pseudo-random 
sequence of b data bits is generated. It is important to mention that b is a bit array of db 
length, and it plays the role of transmitting the information message. After that, a unique 
word preface w of length dw is added before b. The sum of both lengths is equal to 2k. 
This preamble is required in order to find the beginning of the message and to design an 
ambiguity resolution circuitry at the Rx that will support the demodulation process 
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[148, 149]. The data bits are transformed from serial to parallel in order to form pairs of 
bits. Each group of pairs generates a pair of signals by employing a lookup table 
comprising the symbol constellation. In this block, x0(k) and x1(k) are generated. The 
transmission filter is then used by multiplying each signal by p(t), generating I(t) and Q(t) 
from equations 4.14 and 4.15 respectively. The up-conversion process is then 
implemented by multiplying both signals by cos[Wct] and sin[Wct] respectively, and the 
outcome signals are added to generate s(t), as illustrated in Figure 4-6. 
 
Figure 4-6: Heterodyne Tx block system [148]. 
4.6. Summary 
This chapter presented a detailed literature review of the FSO communication 
modulation systems. The selection of modulation technique requires a balance between 
power efficiency, simplicity and bandwidth efficiency. Considering the BER 
performance of OOK, the poor bandwidth efficiency of PPM, and the required slot and 
symbol synchronisation requirements, the focus of this work will be on the SIM (which 
nevertheless suffers from poor power efficiency due to its high peak to average power 
ratio) and the QPSK modulation techniques. In the next chapter, the design of a controlled 
atmospheric channel will be presented. 
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5. DESIGN OF THE ATMOSPHERIC 
CHANNEL 
5.1. Introduction 
The real outdoor atmosphere (ROA) channel inflicts a number of challenges on 
FSO links [149, 150]. The ROA is time varying and depends on the magnitude and 
intensity of weather conditions [151, 152]. These conditions have various effects on the 
FSO link performance, with dense fog and intense scintillation inducing the most severe 
deterioration to the FSO link performance [118, 153, 154]. Fog, smoke, aerosols, rain, 
snow, dust and turbulence conditions, as well as the mixture of some of these phenomena, 
forms the ROA. Consequently, carrying out a proper link assessment under particular 
weather conditions is a challenging task [155, 156]. Investigating the real outdoor fog 
(ROF), which is well known as heterogeneous and very unpredictable in nature, is an 
important challenge in FSO communication links [49, 155]. This is due to various reasons 
such as: (i) the inaccessibility of an experimental setup for outdoor links due to the long 
observation time and the low reoccurrence of fog (e.g. dense fog events for visibility 
0.5 kmV  ), (ii) the difficulty in controlling and characterising the atmosphere due to 
the presence of aerosols such as fog and smoke, which are inhomogeneous, along the FSO 
link path, (iii) the expensive, and not promptly available outdoor measurement 
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instruments, and (iv) the repetition of the same measurement condition several times 
when needed is not practicable. 
Moreover, atmospheric turbulence (scintillation) has been widely investigated, 
and a number of theoretical models have been proposed to model scintillation induced 
fading [157]. Nevertheless, it is very challenging to practically measure the impact of 
atmospheric turbulence under various weather conditions, primarily due to (i) the long 
waiting time required to observe and experience the reoccurrence of atmospheric 
turbulence events, which usually can take a very long time, and (ii) the difficulty in 
controlling and characterising the atmospheric turbulence. Therefore, in this research, an 
indoor atmospheric laboratory chamber was designed so that the ROF, smoke and the 
atmospheric turbulence channel can be simulated under controlled conditions. Hence, 
particular measurements to investigate the effects of smoke, the ROF, and turbulence on 
the link performance can be carried out. The laboratory chamber provides the advantage 
of a full system characterisation and assessment in a shorter time compared with the 
outdoor FSO link, where it often takes a long time for the weather conditions to change. 
In this chapter, a detailed description of the design of the laboratory atmospheric 
chamber is introduced. Furthermore, the methods to produce turbulence and 
homogeneous fog are discussed, and the data acquisition techniques for measuring both 
the turbulence- and fog-induced attenuation are presented. The methods used to produce 
and control atmospheric turbulence are also discussed. 
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5.2. The Atmospheric Chamber 
A snapshot of the laboratory-based testbed consisting of the atmospheric chamber 
used to control and simulate the ROA conditions is shown in Figure 5-1. The block 
diagram of the chamber is discussed in detail in [158]. The laboratory atmospheric 
channel is a closed glass chamber with multiple compartments (three in total for this 
experiment), and each has a vent to let air circulate into and out of the channel. The 
temperature and wind velocity conditions in the chamber are controlled to simulate the 
atmospheric conditions as closely as possible. By applying a number of heaters and fans, 
it is possible to generate and control the temperature induced turbulence inside the 
chamber. The controlled temperature, and the wind velocity inside the chamber can be 
promptly controlled to simulate the outdoor atmospheric conditions as closely as possible. 
Furthermore, this designed chamber permits carrying out the characterisation of the 
outdoor FSO system as well as the performance measurements under several levels of 
turbulence without having to wait for long observation times; which is the case in real 
weather conditions.  Table 5-1 presents the key parameters of the designed chamber. 
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Figure 5-1: A snapshot of an atmospheric chamber in the lab. 
Table 5-1: Main parameters of the designed lab-chamber. 
Parameter Value 
Dimension 300×30×30 cm3  
Temperature range 20 - 80 C  
Wind speed 3-5 m/s 
Heater machine HL 3379 Fan heater, 1000 Watt 
Fog machine ADJ MINI FOG 400 Steamer 
Within the atmospheric chamber, the specific effects of turbulence and fog are 
controlled in order to mimic the ROA as closely as possible. The fog is generated by using 
a commercial water vaporising machine (water steam) with 100% humidity to simulate 
the ROF [159]. 
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5.3. The Intelligent Weather Station 
Accurate measurements of chamber atmospheric temperature, relative humidity, 
pressure and turbulences as well as the availability of predictions of their evolution over 
time are important in order to simulate the ROA. Hence, it is of significant importance to 
use a very accurate, closed loop intelligent weather station (IWS). A lightweight and 
portable sensor-based intelligent weather station was employed, utilising nearest-
neighbours (NEN) algorithm models as the time-series predictor mechanisms. 
Using forecasts and a feedback loop of solar radiation, air temperatures, humidity 
and pressure reduces the risk of temporary depletion and increases data usability. As such, 
this illustrates the need of a weather station that, besides measurement of atmospheric 
variables, provides the forecasts autonomously and makes them available wirelessly to 
the application at hand. The IWS monitors and archives different chamber controlled 
parameters such as temperature, air pressure, and wind velocity, which are employed in 
order to perform measurements on the effects of scintillation on the FSO link, as well as 
to maintain the values for different measurements over a long period of time. 
In the experimental work, the IWS Conrad Radio Digital Weather Station 
WS1600 was used. It is also equipped with the innovative Weather Center button, which 
shows additional data about the weather on a given day (i.e., storing up to 200 sets of 
weather data, which are recorded automatically at 3-hour intervals after the weather 
station is powered up) [215]. The IWS described in Figure 5-2 and Figure 5-3, includes 
two components: the Integrated Sensor Suite (ISS), which houses and manages the 
external sensor array, and the console, which provides the user interface, data display, 
and calculations. The IWS communicates via an FCC‐certified, license‐free frequency‐
hopping transmitter and receiver. The frequency‐hopping spread‐spectrum (FHSS) 
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technology provides greater communication strength over longer distances and in areas 
of weaker reception. User‐selectable transmitter ID codes allow up to eight stations to 
coexist in the same geographic area. The WeatherLink® allows the weather station to 
interface with a computer, log weather data, and upload weather information to the 
internet [216]. The IWS is described in the block diagram in Figure 5-2. It measures 
several atmospheric variables such as the global solar radiation, air temperature, pressure 
and relative humidity. 
These measurements are carried at a user-determined time interval. Moreover, the 
IWS predicts the development of each variable in a prediction horizon of up to 
40 steps-ahead. The prediction step can coincide with the measurement sampling time, or 
can be a multiple of it. In this case, the average value of each variable is computed over 
the prediction step. In the case presented here, the maximum prediction horizon is 
24 hours. The system was built with the objective of being self-sufficient regarding 
electrical energy. Furthermore, to facilitate its deployment, it integrates wireless 
communication based on the wireless IEEE 802.15.4 standard [215].  
 
Figure 5-2: IWS signal-flow block diagram. 
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Figure 5-3: A snapshot of the Conrad Digital Radio Weather Station WS1600 [215]. 
5.4. The Controlled Turbulence Simulation Channel 
A schematic diagram of the turbulence simulation chamber is presented in 
Figure 5-4. The chamber has dimensions of 300×30×30 cm. The scintillation effect 
induced by atmospheric turbulence is simulated by exploiting the dependence of the 
channel index of refraction on the temperature fluctuations, as earlier discussed in 
Chapter 3. 
 
Figure 5-4: A block diagram of an FSO experimental system with turbulence 
simulation.   
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The turbulence simulation process requires blowing cold and hot air into the 
chamber at various locations, as depicted in Figure 5-4. The direction of air is such that it 
is orthogonal to the optical beam’s direction of propagation. The cold air is set at a room 
temperature of ~ 27 °C and the hot air is set at a temperature range from 27 to 95 °C. In 
this chamber, there are two approaches that could be used to create the turbulence effect. 
a) Using a heater and fans to blow hot and cold air in the direction perpendicular to 
the optical beam propagating along the chamber in order to generate a variation 
in temperature and wind speed, thus enabling the experimental investigation of 
the weak and medium turbulence, as given by the theoretical model in (3.3) (see 
Figure 5-2 and 5-3). The cold air is at room temperature (20 - 27° C) and the hot 
air temperature is in the range between 20 to 70° C. Using a series of air vents, 
extra temperature control is achieved, thus ensuring a constant temperature 
gradient between the source and the detector. 
b) Each compartment has a powerful internal heating source inside the chamber and 
a fan attached to its vent so that a very strong turbulence effect can be generated. 
A similar approach for simulating turbulence has been reportedly used by other 
researchers [1, 49, 65, 121]. 
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Figure 5-5: The laboratory turbulence chamber activated by hot and cool air. 
In order to compensate for the short chamber length, / 5 K / mT L     the 
temperature measured at each point along the chamber is retained within the tolerance 
margin of ± 1° K. The average temperatures recorded at four different locations along the 
chamber are presented in Table 5-2. 
Table 5-2: Measured temperatures over six experiments at four different positions 
within the chamber. 
 T1(°C) T2(°C) T3(°C) T4(°C) 2 -2/3(m )nC   
Set 1 29 24 22 21 1.60 x 10-12 
Set 2 35 30 25 23 5.61 x 10-12 
Set 3 36 29 24 22.8 9.50 x 10-12 
Set 4 42 33 28 26 3.04 x10-12 
Set 5 53 41.5 28 25 4.02 x 10-12 
Set 6 58 45 33 29 4.90 x 10-12 
Appling (5.1), the average values of 
2
nC  against a range of temperature gradients 
within the chamber is also shown in Table 5-2. The average values of 
2
nC  vary from 
1210  
to 1010 , which is in good agreement with the experimental data reported in [222]. The 
value of 
2
nC  along the propagation path can be calculated by applying the temperature 
structure function DTe L and is given by [100]: 
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where aT and bT are the temperature of two points separated by a distance L and 
2
TC  is 
the temperature structure constant. 
In order to anticipate the Rytov parameter 
2
N  in the indoor atmospheric 
chamber, it is presumed that 
2
nC  is constant between two measured temperature points. In 
our case, the values of the temperature are measured at four positions as shown in Figure 
5-4. The scintillation index is predicted using (3.3) in which the values of 
2
nC  are 
calculated using (5.2) and (5.1). The measured values are obtained from the received 
signal utilizing the process discussed in (3.25). It is important to mention that due to the 
high sensitivity of 
2
N  to the temperature gradient, exact matching is difficult to obtain. 
For instance, a ±1°C change in temperate 1T can causes ~ 2.5 time difference in the 
predicted scintillation index values. Note that for outdoor terrestrial FSO systems, the 
refractive index structure parameter 
2
nC  is pretended to be constant and (3.3) is usually 
applied to approximate the log irradiance variance. However, in real systems, the 
temperate gradient T /L can vary along the propagation length as the atmospheric 
conditions greatly vary over time and space. Consequently, the atmospheric link 
segmentation approach can be employed as an alternative method to characterise the FSO 
link. 
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5.5. The Controlled Fog Simulation Chamber 
In [49,160], the measurements indicate that the occurrence of fog begins when the 
relative humidity (H) of the ROA is nearly 80 %. The density of the resulting fog reaches 
0.5 mg/cm3 for H > 95%. Therefore, for high water vapour concentration conditions, the 
water condenses into tiny water droplets of radius 1– 20 μm in the atmosphere. It is 
possible to simulate fog in the lab by achieving H values that are close to 95%. Thus, 
artificially generated steam fog can be produced to mimic the ROF as presented in 
Figure 5-6. 
 
Figure 5-6: The laboratory controlled fog and FSO link setup. 
From the time series analysis of the ROF, it is obvious that due to the rigid and 
very robust variation in outdoor FSO atmospheric circumstances, the fog is rather 
dynamic in size and heterogeneous along the length of the FSO link [161]. Usually, owing 
to this to fact, the characterisation of fog is based on the measured visibility V (km). 
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Figure 5-7: ROF scenario considering an FSO link length of 1 km. 
Additionally, to contrast the physical resemblance of the lab generated fog with 
the ROF, the ROF attenuation data from field experiments at Prague published in [217] 
and the Czech Metrological Institute [179] are compared with the obtained laboratory-
based fog attenuation data. The mean attenuation data from Prague for 0 < V < 1 km and 
Nadeem et al. for V < 0.6 km depict a very good agreement with the measured lab data, 
as illustrated in Figure 5-8. This confirms that the physical characteristics of lab generated 
fog correspond to those of the ROF. 
 
Figure 5-8: Comparison between the measured mean ROF attenuation and the mean  
lab generated fog attenuation. 
However, to simulate steam fog, the humidity should be approximately 100%. In 
Chapter 7, steam fog is used in our lab based indoor atmosphere chamber to evaluate the 
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FSO link performance in a controlled fog chamber. In the case of a real FSO link, which 
is usually longer than 1 km, the spatial heterogeneity of the fog densities can vary from 
one position point to some 100 metres aside, as presented in Figure 5-7. As an outcome 
of this, the measured fog induced attenuation along the FSO link as well as the related 
visibility V data obtained from a visibility device (transmissometer) at a defined position 
are subject to significant fluctuations. This effect can be observed in the measured data at 
830 nm for two fog levels as in [162]. Various transmissometers can be applied 
sequentially in steps of some hundred meters to minimise this error in measuring V, as 
demonstrated in [218]. Nevertheless, this method is complex and expensive to implement 
for a long range FSO systems. Therefore, the designed atmospheric chamber represents a 
simple approach which is applied to control and produce homogeneous fog conditions to 
measure V by employing several laser wavelengths within the length of the chamber, as 
shown in Figure 5-9. Hence, it allows measuring the values of the fog-induced attenuation 
corresponding to the actual V over the length of the FSO Link. 
 
Figure 5-9: Block diagram of the experimental setup used to measure V over the length 
of the FSO link. 
Achieving the homogeneity depends on various factors. First of all, the most 
important requirement for spreading fog is to have a proper enclosure of the chamber. On 
the other hand, in order to produce different fog densities, vents are used along the 
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chamber. Proper spreading of fog facilitates measuring the exact values of V and 
obtaining good correlation of appropriating measured fog attenuation for the transmitted 
wavelengths of an FSO system. The fog is circulated homogenously by applying a 
combination of fans along the chamber. 
Two different approaches were applied in the experimental work to characterise 
the fog induced attenuation. In the first approach, an optical power meter and a number 
of individual laser sources at wavelengths of 0.55, 0.67, 0.83, 1.31 and 1.55 µm were used 
with average transmitted optical powers PT of -3.0 dBm, 0 dBm, 10 dBm, 6.0 dBm and 
6.5 dBm respectively. In the second approach, a Rohde & Schwarz Q8341 Optical 
Spectrum Analyzer (OSA) with a spectral response ranging between 0.6 to 1.75 μm was 
used to obtain the attenuation profile. Following the first approach, the received optical 
power PR without fog is measured for the reference as well as for normalization at the 
optical receiver Rx by using the power meter at each transmission wavelength (0.55, 0.67, 
0.83, 1.31 and 1.55 µm). After that, a defined amount of fog is injected into the chamber 
permitting it to homogenously spread along the chamber. A time duration of 30 seconds 
is allowed for fog particles to settle homogeneously within the chamber before initiating 
the data acquisition (DAQ) process. The second step is to measure the received optical 
power PR in the presence of fog, at a time step of 1 second for every wavelength. The 
normalized transmittance or loss is then calculated from the average received power with 
fog to the average received power with no fog. The fog induced attenuation  (in dB/km) 
is measured using (5.3) and represents the measured loss at each transmission wavelength 
from light to dense fog conditions.  
.
4.343
Loss
L
    (5.3) 
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The link V is measured along the length of the chamber by applying (7.1) at a 
wavelength of 0.55 µm and comparing the measured value with the visibility threshold. 
The acquisition of the data is concluded when the visibility is equal to the threshold value 
(see Figure 5-10). 
 
Figure 5-10: A block diagram for the measurement of fog induced attenuation and link 
visibility. 
5.6. Summary 
This chapter presented the design of an indoor atmospheric chamber and 
discussed approaches to control and simulate the atmospheric environment, such as 
turbulence and fog, as requirements to simulate the ROA as realistically as possible. The 
atmospheric chamber was used to mimic the outdoor FSO system characterisation 
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process, and to perform measurements in homogeneous turbulence and fog conditions. 
Various methods to produce and control turbulence inside the atmospheric chamber were 
also outlined. Further investigations of the performance of FSO systems built on the 
atmospheric chamber under turbulence conditions and fog conditions will be conducted 
in Chapter 6 and Chapter 7 respectively. 
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6. PERFORMANCE OF FSO LINKS UNDER 
CONTROLLED ATMOSPHERIC 
TURBULENCE 
6.1. Introduction 
A number of methods can be used to combat the effect of turbulence, including 
utilising schemes such as multiple input multiple output (MIMO) [41, 119], temporal and 
spatial diversity [33] and aperture averaging [157,165]. However, selecting a modulation 
format that is immune to the scintillation effect is also of huge importance [43, 166]. In 
the turbulent atmosphere, data recovery employing a fixed threshold level is not an 
optimal choice when using the OOK scheme. Although adaptive threshold detectors can 
significantly improve the performance in turbulence [167], utilising them is not 
practicable because they demand adaptive optical components as well as permanent 
monitoring of and adaptation to the atmospheric conditions [168]. Alternatively, 
modulation techniques such as SIM and PPM, which are immune to turbulence induced 
amplitude fluctuations, could be applied [44, 143]. The BPSK-SIM scheme, which does 
not require an adaptive threshold, profits from a mature RF technology and requires a 
simple and low-cost direct detection receiver. However, BPSK-SIM requires a higher 
average transmission power than OOK, due to the DC bias requirement and the likelihood 
of signal distortion and signal clipping [49, 145].  
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It has been reported in numerous research studies that in cases of high background 
noise, M-PPM is considered to be the optimum modulation scheme in a Poisson-type 
channel [219], [220]. With the increase in the order of M in M-PPM, the robustness 
against background radiations increases even further due to its low duty cycle and the 
shorter integration interval of the photodiode. For PPM, the increase in atmospheric 
scintillation leads in an increase in the required signal power level to attain a given BER. 
Increasing the signal strength can be used to minimise the scintillation effect at a low 
scintillation index, but as turbulence strength increases, the BER performance tends 
towards high BER asymptotic values [1]. SIM schemes modulate the frequency and phase 
of the RF carrier and do not require dynamic thresholding for optimal detection. Phase 
fluctuations are less marked in turbulent atmosphere, and therefore SIM offers better 
performance in comparison to OOK [221]. 
In this chapter, an experimental characterisation of the turbulence effect on the 
performance of FSO links employing different modulation techniques is reported. The 
experiment is carried out in a controlled laboratory environment, where turbulence is 
generated in a dedicated indoor atmospheric chamber. 
6.2. BPSK-SIM under Controlled Turbulence 
The experimental LOS FSO link used for data transmission through a turbulence 
channel is shown in Figure 6-1 and Figure 6-2. A narrow divergence laser beam at a 
wavelength of 830 nm was used as the FSO transmitter. The emitted beam intensity was 
modulated by a data source generating a stream of 213-1 pseudo random bit sequence, 
which was either Ethernet (10BASE-T) or Fast-Ethernet (100BASE-SX).  The laser was 
appropriately biased and modulated. 
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Figure 6-1: The laboratory turbulence chamber which is excited by hot and cool air. 
 
Figure 6-2: The chamber and FSO link setup in the laboratory. 
The laboratory atmospheric channel is a closed glass chamber with 300×30×30 
cm3 dimensions, as described in Figure 6-1 and Figure 6-2. The temperature and wind 
velocity conditions in the chamber were controlled to simulate atmospheric conditions as 
closely as possible; adopting the control approach described in Chapter 5. For a strong 
turbulence regime, multiple scattering effects must be considered, which are not included 
in (3.15). Therefore, an improved model should be used [47]. Table 6-1 relates the 
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turbulence strength with Rytov parameter [47]. In this experimental study, measurements 
for the weak and medium turbulence conditions were carried out. 
Table 6-1: Turbulence strengths and the corresponding Rytov parameter.  
Turbulence Rytov parameter 
Weak 
2 0.3l   
Medium 
2 1l   
Strong 
2 1l  
As the optical beam propagated through the chamber, it experienced different 
atmospheric turbulence levels before being collected at the receiver. The receiver 
front-end consisted of an optical concentration lens and a PIN photodetector. The 
equivalent photocurrent at the output of the photodetector was amplified using a trans-
impedance amplifier integrated circuit (IC), and the recovered data was used to determine 
the bit error rate (BER) performance. All relevant parameters for the designed chamber 
are given in Table 6-2. 
Table 6-2: Main parameters of the turbulence chamber. 
Parameter Value 
Dimension 300×30×30 cm3 
Temperature range 20 - 80 C° 
Wind speed 4 - 5 m/s 
The level of turbulence strength was controlled by localising the same heating 
source near and far away from the FSO transmitter. The ray tracing diagram in Figure 6-3 
and Figure 6-4 illustrates this concept. The optical beams shown in both Figure 6-3 and 
Figure 6-4 approximately experience the same degree of deflection due to the same 
level-controlled turbulence source being used. However, due to the geometrical 
configuration, lower power levels will be collected at the receiver as shown in Figure 6-3. 
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Figure 6-3: Sketch of diverted beams due to the turbulence source being positioned near 
the transmitter. 
  
Figure 6-4: Sketch of diverted beams due to the turbulence source being positioned near 
the receiver. 
The purpose of this demonstration was to investigate the BER performance of an 
FSO link under the influence of atmospheric turbulence. To ensure valid comparisons, 
measurements carried out in the laboratory environment were taken in similar 
environmental conditions as much as possible. Data packets with a length of  
~ 600 - 1000 bytes, typically used in the Gigabit Ethernet (GbE) data networks, were used 
in the experiment. Further details of the setup and parameters used for the demonstration 
are shown in Table 6-3. 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
84 
Table 6-3: Parameters of the FSO link demonstration. 
Parameter Value 
Data source 
PRBS length 213 – 1 
Format NRZ / RZ 
Modulation voltage LVDS (400 mVpp) 
Laser diode 
Peak wavelength 830 nm 
Maximum optical power 10mW 
Class  IIIb 
Beam size at aperture 5mm × 2 mm 
Beam divergence 5 mrad 
Modulation bandwidth 75 MHz 
Photodetector 
Wavelength at maximum sensitivity 900 nm 
Spectral range of sensitivity 750 - 1100 nm 
Active area 1 mm2 
Half angle field of view ± 75 Deg 
Spectral sensitivity 0.59 A/W 
Rise and fall time 5 ns 
Reversed bias voltage 40 V 
Lens 
Diameter 25 mm 
Focal length 200 mm 
Receiver 
Transamplifier (IC) LT6202 
Bandwidth 240 MHz 
Transimpedance amplifier gain 15 kΩ 
Figure 6-5 depicts the block diagram of a BPSK-SIM system with two subcarriers. 
Appling BPSK, the input data 1 2{ , }j j  is modulated onto the RF subcarriers, whose 
amplitudes, frequencies and phases are 1 2{ , }c ca a , 1 2{ , }c c   and 1 2{ , }c c   respectively. 
In Figure 6-6, g(t) represents the pulse shaping function. The combination of the two RF 
subcarrier signals is then employed to modulate the intensity of the optical source. Before 
that, however, a D.C. signal b0 is added to the composite RF signal, to ensure that the 
optical source is suitably biased at the centre of its linear dynamic range, so as to fit the 
full swing of the sinusoidal subcarrier signal. 
In the atmospheric channel, turbulence effects are modelled utilizing the log-
normal induces the intensity of the transmitted optical signal to fade. At the receiver, the 
composite SIM signal, superimposed on the envelope of the incoming optical signal, is 
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recovered via the direct detection (DD) scheme. Electrical bandpass filters are employed 
to filter the individual subcarriers  bii t , followed by a standard RF coherent detector to 
recover the transmitted data sequence 1 2
ˆ ˆ{ , }j j . The system noise (thermal and shot) is 
modelled as an AWGN and no inter-symbol interference is accounted for since the link 
under consideration is a direct line of sight with no multipath propagation, as described 
in Figure 6-5 [1]. 
 
Figure 6-5: The block diagram of a subcarrier BPSK system with two subcarriers. 
In the experiment, turbulence was generated inside the chamber by pumping hot 
air either through the vents near the transmitter, in the middle of the chamber or near the 
receiver. Table 6-4 shows the measured values of 
2
l  at these positions. The shot noise 
variance is excluded from the reported 2
l values in the table. Notice that by using the same 
turbulence source and varying its position along the chamber, we could generate different 
levels of turbulence (i.e.
2
l ) according to the concept outlined in Figure 6-4 and 
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Figure 6-5. The concept is also valid for actual outdoor FSO systems. For the measured 
2
l  value of 0.1, the turbulence generated in the chamber could be equivalently considered 
as a weak turbulence for the outdoor environment. A histogram of the received signal 
affected by medium turbulence was obtained and is plotted in Figure 6-6. The distribution 
of the received signal has a Gaussian profile when there is no turbulence (see Figure 6-6 
(a)) as the Gaussian-distributed shot noise (due to the ambient noise) is predominant. 
However, the received signal’s pdf profile changes to a log-normal profile when 
turbulence is introduced at the centre, and at the front end of the chamber (see Figures 6-
6 (b) and (c)). 
Figure 6-6 (a-c) shows the histogram of the received signal for a bit ‘1’ BPSK 
sequence with and without turbulence. Notice that the total number of occurrences is 
normalized to unity, which represents the occurrence of pdf. Also illustrated in 
Figures 6-6 are the curve-fitting plots using the Gaussian and lognormal models. With no 
turbulence, the distribution is Gaussian, whereas with turbulence, the pdf is best fitted 
with a log-normal distribution, as shown in Figures. 6-6 (b, c). 
Table 6-4: Measurement results of the turbulence strength inside the chamber. 
Turbulence position 
Near 
transmitter 
Middle of the 
chamber 
Near receiver 
Rytov variance 
2 0.09l   
2 0.12l   
2 0.08l   
Turbulence strength Weak Weak Weak 
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(a) 
 
(b) 
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(c) 
Figure 6-6: Histogram of the received signal in cases of: (a) no turbulence,  (b) 
turbulence in the middle of the chamber, and (c) turbulence near the transmitter, for 
weak turbulence 
2( 0.12)l  . 
The eye diagrams of the received signal for the BPSK data format at 50 Mbit/s 
data rate are depicted in Figure 6-7. The modulation input voltage was LVDS 
(400 mVpp). It is noticed that, the top (bit ‘1’) and base (bit ‘0’) levels of the received 
signals vary at a much wider margin when turbulence is introduced. This results in the 
reduction of the measured Q-factor and hence the BER performance. 
 
(a) 
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(b) 
 
(c) 
Figure 6-7: The measured eye diagram of the received BPSK signal in cases of (a) no 
turbulence and a data rate of 50 Mbit/s, (b) weak, middle of the chamber turbulence 
with 
2 0.1l   and a data rate of 50 Mbit/s, and (c) near receiver turbulence and near 
transmitter turbulence with 
2 0.09l  . 
The eye-diagrams clearly show the superior performance results of BPSK to those 
reported in [12], as the height of the eye-opening is nearly identical with and without 
turbulence. This is because the information in BPSK schemes is encoded in the phase of 
the subcarrier signal rather than the amplitude, as in the OOK data format. This makes 
BPSK signals robust against turbulence, since the turbulence effect induces severe 
fluctuations in the intensity of the signal (e.g. NRZ signals), rather than the phase. The 
advantage of the BPSK scheme also include the cost of power and bandwidth efficiencies. 
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6.3. Hybrid BPSK-SIM- PPM FSO with Turbulence 
6.3.1. Introduction 
A new hybrid PPM-BPSK modulation scheme is presented and its performance is 
simulated. The results are then compared with the PPM and BPSK-SIM modulation 
techniques. In addition, experimental results for the 4-PPM and BPSK-SIM techniques 
are also reported [169]. Furthermore, numerical simulation results for the BER 
performance of PPM-BPSK in a lognormal atmospheric channel for a range of turbulence 
variance are presented. The results are compared with those of the BPSK-SIM and 4-PPM 
schemes, and show that the performance of the hybrid PPM-BPSK scheme is superior to 
that of BPSK while having the same bandwidth requirement. However, for all levels of 
turbulence, the performance of the proposed hybrid PPM-BPSK scheme is inferior to that 
of PPM.  
 
(a) 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
91 
 
(b) 
Figure 6-8: Block diagram of an L-PPM-BPSK-SIM FSO system showing the building 
blocks of the (a) transmitter, and (b) receiver [169]. 
At the receiver, choosing the index of the slot containing the maximum of the 
signal in a symbol, the conditional slot error rate (SER) is obtained by [1, 39]:  
22 ppm
I
P Q
eslot con
 
 
  
 
,  (6.1) 
where the noise variance 
2
0 2/ (2log )bN R q q  , I is the intensity of the received signal 
with a mean value of o avI qP  [170], 𝑁0 is the double side spectral density of the 
Gaussian noise, and 𝑃𝑎𝑣 is the average transmitted optical power. By averaging the 
conditional slot error rate over turbulence, the unconditional slot error rate is obtained by: 
0
2
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  (6.2) 
The main disadvantage of the PPM technique is its low bandwidth efficiency. To 
solve this, PPM-BPSK is proposed. PPM-BPSK is a combination of PPM and BPSK, in 
which a block of N+1 bits of input information is selected. The first N bits are modulated 
by the position of the pulse, and the last bit is modulated via the intensity of the pulse. 
The block diagram of this proposed scheme is illustrated in Figure 6-8. In PPM-BPSK, 
each symbol consists of an optical pulse in one slot duration Ts within 2
N slots, and its 
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intensity is modulated via BPSK-SIM. As illustrated in Figure 6-10 (a), the transmitter 
consists of a PPM encoder, a parallel to serial convertor, a transmitter filter with an 
impulse response of g(t), and a BPSK encoder. The PPM encoder codes the first N-bits 
of input data, and after converting into a serial form (consisting of only one ‘1’ and 
q-1 zeros), the bit stream is passed through the transmitter filter to ensure the PPM signal. 
The (N+1) th data bit is encoded by the BPSK encoder into ‘1’ or ‘-1’, and is modulated 
by an RF signal. A DC bias is then added to ensure a positive BPSK signal. The intensity 
of this signal is finally modulated by the PPM signal to obtain a PPM-BPSK-SIM 
modulated signal. Thus, the current signal in the receiver can be expressed by: 
1
0
( ) (1 cos( ) ( )) ( )
L
c gk
k
i t RI a c wt g t kT n t


 
     
, 
(6.3) 
where R is  the responsivity of the photodetector, ck is the codeword of PPM, L = 2
N, 
Tg=(N+1)Tb/L, I0=LPav, and ac={1,-1} and refers to the (N+1)
the bit. At the receiver, the 
photocurrent is down converted via a low pass filter, a match filter, a sampler, and the 
reference carrier signal cos (wt). Demodulation is carried out by finding the largest 
absolute signal in one symbol period, where its position within the symbols determines 
the N-bit received data. 
6.4. Results and Discussion 
6.4.1. Simulation Results 
The BPSK, SIM, and PPM modulation schemes described above were simulated 
in MATLAB. The simulations were carried out for N = 1 in hybrid PPM-BPSK, and q=4 
in PPM, where Tg = Tb = 4Ts. To have a fair comparison between the different modulation 
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schemes, the average transmitted power and Rb were fixed. All other simulation 
parameters are shown in Table 6-5. Figure 6-11 shows the predicted BER against SNR 
for 2-PPM with and without turbulence for a range of Rytov variance values
2 {0.1,0.3,0.5}l  , where Pslot_error=Pb. In addition, Figure 6-12 depicts the BER vs. SNR 
curve predicted for BPSK with and without turbulence for a range of Rytov variance 
values. A good agreement is obtained between the simulations and the theoretical results, 
thus validating the simulation results for both BPSK and 2-PPM.  As shown in 
Figures 6-11 and 6-12, increasing the turbulence level decreases the system performance 
as expected. Figures 6-13, 6-14 and 6-15 plot the simulated BER results versus SNR for 
PPM-BPSK, BPSK and 4-PPM, for a range of Rytov variance values of 
2 0.1,0.3 and 0.5l   respectively. As illustrated in the figures, the performance of 
PPM-BPSK is superior to that of BPSK while having the same bandwidth, but its 
performance is inferior to that of 4-PPM for all simulated turbulence levels. 
 
Figure 6-9: Simulated and predicted BER against SNR for 2-PPM with and without 
turbulence for a range of Rytov variance values. 
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Figure 6-10: Simulated and predicted BER against SNR for BPSK-SIM with and 
without turbulence for a range of Rytov variance values. 
Table 6-5: The simulation parameters. 
Parameter value 
Data rate Rb 1 Mbps 
Carrier frequency  4 MHZ 
Sampling frequency 20 MHZ 
Laser wavelength λ 850 nm 
Responsivity R 1 A/W 
Modulation index    1 
Butterworth  
Low pass filter 
Order 6 
Bandwidth 1 MHZ 
N in  PPM_BPSK 1 
q in PPM 2 , 4 
Pulse shaping Rectangular 
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Figure 6-11: Simulated BER versus SNR for 4-PPM, BPSK and PPM-BPSK with 
turbulence for a Rytov variance of 
2 0.1l  . 
 
Figure 6-12: Simulated BER versus normalised SNR for 4-PPM, BPSK and 
PPM-BPSK with turbulence for a Rytov variance of 
2 0.3l  . 
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Figure 6-13: Simulated BER of 4-PPM, BPSK and PPM-BPSK against normalised SNR 
with turbulence for a Rytov variance of 
2 0.5l  . 
6.4.2. Experimental Results 
A typical FSO link consists of a transmitter and a receiver separated by the 
atmospheric channel. The experimental set-up for the controlled study of the scintillation 
effect on the FSO link performance for the BPSK-SIM and 4-PPM modulation schemes 
utilised a laser source with a maximum optical output power of 10 mW at a wavelength 
of 830 nm. The intensity of laser was varied according to the modulating data format. To 
ensure the linearity of the system, the laser was accurately biased and the peak-to-peak 
voltage of the input signal was kept within the specified values. The receiver front-end 
consisted of an optical telescope (or lens) and a photo-detector. The electrical signal at 
the output of the PIN-photo-detector was amplified using a trans-impedance amplifier. 
The experimental data for the two different modulation schemes were recorded 
under a controlled weak turbulence environment and analysed using eye diagrams and 
the received signal distributions. The eye-diagrams provide a good indication of the 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
97 
quality of the received optical signal at the end of the turbulence channel. The measured 
eye-diagrams for the received signals are depicted in Figures 6-16, 6-17 and 6-18. The 
height of eye-opening is smaller in the presence of turbulence due to the turbulence-
induced intensity fluctuations. The height of eye-opening is greater for the 4-PPM signal 
compared to the BPSK-SIM signal in the presence of turbulence, indicating that 4-PPM 
is less sensitive to intensity fluctuations under weak turbulence conditions. In Table 6-6, 
it is indicated that the 4-PPM signalling format offers a superior Q-factor performance 
compared to BPSK-SIM for
2 0.1l  , where approximately ~1.65 higher Q-factor values 
are recorded for 4-PPM compared to BPSK-SIM. 
 
Figure 6-14: Eye diagram representations of 4-PPM for a 200 mVp-p input signal with 
turbulence
2( 0.1)l  . 
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Figure 6-15: Eye diagram representations of 4-PPM for a 400 mVp-p input signal with 
turbulence
2( 0.1)l  . 
 
Figure 6-16: Eye diagram representations of the received BPSK signal with turbulence 
2( 0.1)l  , a data rate of 50 Mbit/s, and a 400 mVp-p input signal. 
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Table 6-6: Experimentally measured Q-Factor values.  
4-PPM Q-Factor BPSK Q-Factor 
2.41 1.43 
2.52 2.09 
5.97 3.6 
6.91 4.04 
7.14 4.25 
7.23 5.2 
6.5. Summary 
 This chapter presented an investigation of the performance of FSO links under 
atmospheric turbulence channels. A dedicated laboratory atmospheric chamber was used 
to investigate the effect of temperature induced turbulence on FSO links performance. 
Methods to generate and control turbulence were discussed and practically demonstrated. 
The obtained data demonstrated that weak turbulence can severely affect the link 
performance. Furthermore, the results showed that the turbulence effect is also dependent 
on the data format adopted to directly modulate the laser source, and that the profile of 
the received signal distribution after turbulence is Gaussian rather than log-normal. The 
results also demonstrated that the BPSK scheme is less sensitive to irradiance fluctuations 
under weak turbulence conditions. Moreover, a new modulation scheme, named 
PPM-BPSK, was proposed in this chapter. The performance of PPM-BPSK (N = 1), 
4-PPM and BPSK-SIM was investigated and compared. The results showed that 
PPM-BPSK offer similar performance to 2-PPM, a superior performance to BPSK-SIM 
while having the same bandwidth, but an inferior performance to 4-PPM for all turbulence 
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levels. The experimental investigation indicated that 4-PPM is more robust to turbulence 
impairments in the FSO link compared to BPSK-SIM.  
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7. PERFORMANCE OF FSO UNDER 
CONTROLLED FOG CONDITIONS 
7.1. Introduction 
The constituents of the atmosphere, particularly fog, severely hinder FSO systems 
performance by scattering and absorbing photon energy [173, 174]. This consequently 
leads to reduced received optical power hence reduced BER performance [171,172]. 
Dense fog can potentially increase the BER, therefore preventing a high data rate FSO 
link from meeting the 99.999% link availability [175, 176]. A number of research works 
investigating the effect of fog on FSO systems have been conducted. These mostly focus 
on channel modelling and measurements of the attenuation [160, 177] as well as the 
performance of classical modulation schemes in the presence of fog [49]. However, more 
work applying various as well as combined modulation techniques over fog affected FSO 
links is still required in order to optimize the performance of FSO systems under 
attenuating fog conditions.  
In this chapter, an experimental study is reported to test and mitigate the effect of 
fog by employing power efficient modulation schemes with different Popt values. The 
system performance is theoretically and experimentally evaluated for BPSK-SIM, 
4-PPM, QPSK, Hybrid 4-PPM-BPSK formats for Ethernet line data rates under light to 
dense fog conditions. 
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7.2.  Coherent Detection of BPSK FSO Links with Fog 
7.2.1.  The Characterization of Fog Attenuation Uisng a Laboratory 
Chamber 
a) Fog and visibility  
In practice, V (i.e. the meteorological visual range) is used to characterise the fog 
attenuation over a transmission link. Applying Koschmieder law, the meteorological 
V (km) can be calculated from the atmospheric attenuation coefficient βλ and the visual 
threshold at 0.55 μm wavelength as follows [210]: 
1010log ( ) ,th
T
V

 

 (7.1) 
where βλ is normally expressed in (dB/km) and is mathematically defined by knowing the 
transmittance T of the optical signal and the propagation distance L using the 
Beer-Lambert law [198]: 
 
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10log
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V km
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 
     
. (7.2) 
In general, due to the complexity involved in the physical properties of fog, such 
as the particle size and the non-availability of particle dispersion, the fog induced 
attenuation of an optical signal can be predicted using empirical models [15, 178, 179]. 
These models use the visibility data in order to estimate the fog induced attenuation. The 
empirical relationship, which relates V with the fog attenuation, is defined by the Kruse 
model [179]: 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
103 
  10
0
10log
,
q
th
T
V km


 
     
 (7.3) 
where 𝑇𝑡ℎ is the transmission threshold, usually taken as 2% of the original optical 
power, 𝜆0 is the maximum spectrum of the solar band, and q is the coefficient related to 
the particle size distribution in the atmosphere. The Kruse model estimates the haze 
attenuation from visible–NIR wavelengths. However, Isaac I. Kim altered the Kruse 
model by applying theoretical suppositions for the fog by defining the q values [179]. 
Therefore, in this work, the Kim model is adopted for theoretical analysis, which indicates 
that the atmospheric attenuation coefficient βλ for V < 0.5 km, is wavelength independent. 
Kim modified the Kruse model using theoretical assumptions for the fog by defining q as 
follows [15]: 
1.6   for  >50 km     
1.3     for 6< <50 km  
.0.16 0.34    for 1<  <6 km    
0.5    for  0.5< <1 km
0 for  <0.5 km  
V
V
q V V
V V
V



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 


 
(7.4) 
b) FSO links performance with fog 
Assuming I (f) and I (0) are the intensity of the received optical signals with and 
without fog respectively, the transmittance T is given by the Beer-Lambert law [198] as: 
( )
exp( )
(0)
I f
T L
I 
   , (7.5) 
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However, we want to correlate the Q-factor of the received signal for a given T 
for different fog conditions. The Q-factor, which represents the SNR at the receiver with 
no fog, is given by: 
1 0
0
1 0
,
I I
Q T


 
 (7.6) 
where T0 denotes the maximum transmittance, I1 and I0 are the average detected signal 
currents for bit ‘1’ and ‘0’ respectively, whereas 1 and 0 are the standard deviation of 
the noise values for bit ‘1’ and ‘0’ respectively. With fog, and assuming that the ambient 
noise level does not change with fog density, the Q-factor can be estimated as follows: 
fog fog
Q T Q ,  (7.7) 
where Tfog is the transmittance measured in the presence of fog.  
7.2.2. Experimental Setup 
The setup used in the laboratory-based FSO experiment consists of an optical Tx 
and Rx separated by an atmospheric chamber, as shown in Figure 7-1(a). The controlled 
channel, represented by the atmospheric chamber, had dimensions of 300×30×30 cm3.  
A typical FSO link setup is shown in Figure 7-1(b). A 213-1 bit long pseudorandom 
data sequence (PRBS) of one-bit length BPSK modulation was used to intensity modulate 
the laser source at a data rate of 25 Mbps. The intensity modulated optical beam 
propagates through the atmospheric chamber, is reflected at a convex and a concave 
mirror, and is detected at the receiver which is composed of an optical concentration lens 
and a PIN photodetector integrated with a wide-bandwidth transimpedance amplifier. The 
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fog was generated using the fog machine (water steam) with 100% humidity to replicate 
ROF in this study. The chamber had two compartments, each with a vent to allow air 
circulation using a fan. The fog was injected into the chamber employing a fog generator 
at a rate of 0.74 m3/sec. 
 
(a) 
 
(b) 
Figure 7-1: (a) Block diagram of the experiment setup, and (b) the laboratory controlled 
atmospheric chamber and FSO link setup. 
The fog intensity in the chamber was controlled by a number of fans and 
ventilation inlet/outlets allowing us to manage the fog flux among the chamber 
homogeneously and control the visual contrast (transmittance) of the FSO link. The 
average received optical power; the Q-factor and BER of the received signal were 
simultaneously measured for different fog conditions (i.e. from low to high visibilities). 
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In order to measure the fog outcome, the average received Popt was measured at both sides 
(Rx and Tx) before and after the introduction of the fog into the atmospheric chamber. The 
major contribution to the dispersion of the beam is the particle size [124], which is 
approximately close to the optical beam wavelength. In general, both fog and haze are 
major contributors to the Mie scattering due to the optical wavelengths being in the order 
of 1 - 15 μm. Due to the random nature and occurrence of fog as well as its type, its effect 
on FSO links performance can be readily measured and characterised by the visibility 
data [180, 181]. We evaluated the scattering coefficient βλ using (7.5) corresponding to 
the measured T at 650 nm. The visibility V is measured using (7.4), utilising the 
wavelength independent model known as the Kim model for V < 500 m and for a range 
of transmittance values, as shown by Table 7-1 below. 
Table 7-1: Measured T and visibility values. 
Fog Dense Thick Moderate  Light 
T < 0.31 0.31-0.71 0.71-0.8 0.8-0.9 
V (m) < 70 70-250 250-500 500-1000 
Figure 7-2 illustrates the dependence of the Q-factor on the link transmittance for 
a range of optical power Popt levels. Also depicted are the predicted results for  
Popt =1.1 dBm, showing a close agreement with the measured data. Note that, in the region 
of T < 14 % (dense fog), the Q- factor values are nearly the same for all values of Popt. 
This is due to the background noise being the dominant noise source (see the eye diagrams 
in Figure 7-3). To achieve a BER of 10-6, the Q- factor value must be ~ 4.25. However, 
this Q-factor value cannot be achieved under the dense fog condition (i.e. T < 31%) even 
for the highest input power used (i.e. Popt = 1.1 dBm) (see Figure 7-2). With dense fog, 
the link range drops to < 70 m with reduced link availability, thus making the FSO link 
less attractive. In such cases, one could increase the optical power provided it is kept 
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below the eye safety level or switch to a lower data rate RF technology to maintain the 
maximum availability of 99.999%. For the thick fog condition (31 < T < 70%), increasing 
Popt from 0.7 dBm to 1.1 dBm results in increasing the Q-factor from 2 to 7.6, thus 
corresponding to a BER improvement from 10-3 to >10-9. 
 
Figure 7-2: A plot of the Q-factor against the transmittance T. 
 
(a) 
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(b) 
 
(c) 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
109 
 
(d) 
Figure 7-3: The measured eye diagram of the received BPSK signal with (a) no fog 
conditions, and a data rate of 25 Mb/s, (b) fog attenuation at the transmitter side, and (c) 
fog attenuation at the receiver side (x-axis in ns), and (d) OOK received signal eye 
diagram for different Popt levels (time scale is 20 ns/div), adopted from [180]. 
The measured eye-diagrams for the received signals are presented in Figure 7-3. 
The eye-diagrams clearly show the superior performance results of coherent detection of 
BPSK modulation compared to the often used OOK coding from the results reported in 
[180]. The height of the eye-opening is smaller in the presence of turbulence in 
Figures 7-3(b) and 7.3(c) due to the fog-induced signal intensity fluctuations. In addition, 
the height of the eye-opening is bigger at the Tx side compared to the Rx. Furthermore, 
Table 7-2 presents the visibility values corresponding to the measured values of T, the 
Q-factor, and the corresponding BER for Popt = 0.6 dBm. As the amount of fog particles 
inside the chamber increased, the representing visibility decreased, thus resulting in an 
increased scattering of the optical beam. The magnitude of the eye height dropped from 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
110 
3.7 mV without turbulence to 1.2 mV when fog turbulence was injected at the receiver 
side (Rx), as the visibility also dropped from 850 m to 37 m. 
Table 7-2: Experimentally measured values for a 0.6 dBm transmitted signal. 
Visibility (m) Q-Factor BER  
 
Q-Factor 
with Lens 
BER with Lens 
850 4.25 3.24 x 10-6  4.82 3 x 10-6  
540 4.03 2.79 x 10-05  4.5 2.03 x 10-05  
224 3.5 1.07 x 10-5  4 2.7 x 10-4  
165 3.17 2.33 x 10-4  3.8 2.01 x 10-4  
66 2.09 4.02 x 10-3  3.5 3.2 x 10-3  
37 1.43 1.83 x 10-02 2.6 1.01 x 10-02 
The combination of the convex and concave mirrors were used to improve the 
beam spot size, and therefore, enhance the link performance. The combination of the 
convex and concave mirrors configuration is illustrated in Figure 7-4. The incident laser 
beams, which were parallel to the principal axis of the convex mirror with a focal length 
𝑓′ of 1.2 m, were reflected divergently. Since the focus and the reflecting surface are on 
the opposite side of the convex mirror, the laser beams passed through the focus by 
extending the reflected ray behind the convex mirror. The divergent laser beams from the 
convex mirror were then directed on the concave mirror. The focal points of the convex 
and concave mirrors must be overlapped so that the reflected laser beams from the 
concave mirror are almost parallel. The optical beam footprints of the reflection spots on 
the surface of the fixed reflecting mirror are depicted in Figure 7-5. They illustrate the 
beam spot at every reflection for different fog conditions. Over a link span of 9 m, and 
with 3 reflections, the spot size increased from 1.6 × 4.5 cm2, as per the spot size at the 
source (Figure 7-5 (a)), to 5 × 6 cm2 and 8 × 7.5 cm2 (Figures 7-5 (b) and (c) respectively), 
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for no fog, moderate fog and dense fog scenarios respectively, which is due to the beam 
divergence caused by the fog effect at the receiver side and the non-ideal mirrors. 
 
Figure 7-4: Principles of the beam reflections between the convex and concave mirrors. 
 (a)  (b)  
(c)  
Figure 7-5: Pictures of the reflection spots showing the laser beam divergence at the 
receiver side Rx with: (a) no fog, (b) moderate fog, and (c) dense fog. 
7.3. Performance Analysis of QPSK FSO at Different 
Wavelengths under Fog Conditions 
Aerosol scattering and absorption due to rain, snow, and fog result in significant 
optical power attenuation, beam spreading and link distance reduction, gravely impairing 
system performance. Fog, compared to other atmospheric conditions, is the predominant 
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source of attenuation, which reduces the FSO link availability from a few kilometres to 
less than hundreds of meters [160, 182]. Hence, it is appropriate to investigate whether 
this challenge strongly affects one wavelength range more than others. Various studies 
have reported that fog affects the intensity of FSO signals differently depending on the 
wavelengths of the signals [183, 184, 185]. The studies were carried out applying  
the OOK modulation scheme, as in [183, 184]. 
Kim and Korevaar [15] reported that the atmospheric attenuation of laser power 
is due to the random function of the weather, and can vary from 0.2 dB/km in 
exceptionally clear weather (i.e. 50-km visibility) to 350 dB/km in very dense fog  
(i.e. 50-m visibility). The authors evaluated the equation for atmospheric attenuation as a 
function of wavelength, which is frequently used in free space optics literature [186, 187], 
for 0.75 µm and 1.55 µm wavelengths. Therefore, in this part of the research, the effect 
of fog on QPSK FSO links at 0.65 μm, 1.55 μm, and 10 μm wavelengths is investigated 
in terms of the power losses at the Rx, the link performance in terms of the received power 
level, and the Q factor under clear and fog-induced atmospheric attenuation.  
7.3.1. Mathematical Model 
7.3.1.1. Link Budget 
The link budget is useful for estimating a communication system’s theoretical 
power-limited link range. The link distance and wavelength, types and efficiencies of 
transmitters, and power loss sources are key factors that define the FSO link budget 
performance. The Friis transmission formula [190, 191] provides the received power at 
the detector side: 
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2η η (λ / 4π )R T T R T R T RP P L G G L L , 
(7.8) 
where PR is the received signal power, PT is the transmit signal power, T and R are the 
Tx and Rx radiation efficiencies respectively, and GT and GR, are the Tx and Rx gain 
respectively, and are given by: 
2( / )T TG D   , 
(7.9) 
2( / )R RG D   , 
(7.10) 
where DT and DR are the Tx and Rx apertures respectively, and LT and LR are the Tx and 
Rx pointing-loss factors respectively, based on pointing error angles, and are given by: 
2exp( G ( ) )T T TL    , 
(7.11) 
2exp( ( ) )R R RL G   , 
(7.12) 
where T  and R   are the Tx and Rx pointing-errors respectively. 
7.3.1.2. Atmospheric Attenuation Modelling 
Atmospheric attenuation is the process whereby some, or most of the 
electromagnetic wave energy, is lost by traversing the atmosphere. Therefore, the 
atmosphere causes signal degradation and attenuation in an FSO system in various ways, 
including absorption, scattering, and scintillation. The exponential Beers-Lambert law 
describes the laser power attenuation over an atmospheric channel as [15, 192]: 
λβexp( )R TP P L  , (7.13) 
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where βλ is defined as the atmospheric attenuation coefficient and is expressed as follows 
[15]: 
λ
3.91
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V nm
  . (7.14) 
According to the definition of attenuation, and from equation (7.13), the total 
atmospheric loss can be expressed by [15]: 
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Consequently, the atmospheric attenuation in (dB/km) can be given as follows: 
α [10log(exp( ))]
α dB
dB
km
L
L
L
  . (7.16) 
7.3.2. QPSK FSO with Fog 
Figure 7-6 shows the block diagram of a terrestrial FSO link. Two FSO 
transceivers are required to set up a point-to-point communication link. The transmitting 
and receiving telescopes must be aligned at all times to ensure link operation. We used 
Optisytem 12 to design and simulate the proposed FSO system based on the parameters 
presented in Table 7-3. 
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Figure 7-6: Block diagram of a terrestrial FSO link. 
Table 7-3: Parameters of the QPSK FSO link simulations. 
Parameter Value 
Transmitter Transmission data rate 1 Gbps 
Link distance S Up to 5  km 
Transmitted power 
TP  20 mW 
Wavelength   0.65 µm, 
1.55 µm, 10 µm 
Transmitter aperture 
TD  10 cm 
Extinction ratio αe 10 dB 
Beam divergence 2 mrad 
Equipment loss 3.6 dB 
Line width 10 MHz 
Modulation QPSK 
Transmitter radiation efficiencies 
T  0.85 
Bits per symbol 3 
Photodetector Active area 1 2mm  
Full angle field of view 150 Deg 
Spectral range 0.65 µm - 10 µm 
Max. wavelength sensitivity 10 µm 
Spectral sensitivity 0.59 A/W 
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Rise and fall time 5 ns 
Reversed bias voltage 50 V 
xR aperture RD  10 cm 
xR radiation efficiency R  0.75 
Lenses Conical interface  
Numerical aperture 7mm,10 mm 
Design wavelength 0.65µm-10 µm 
Effective focal length f’ 4 mm, 11 mm, 19 mm 
Receiver Transamplifier (IC) AD8015 
Bandwidth 240 MHZ 
Transimpedance amplifier gain 15kΩ 
Optical losses are due to the coupling and insertion losses that occur when an 
optical signal is transmitted or received when using lenses and mirrors. Uncoated glass 
windows usually attenuate the signal by 4% per surface due to reflections [53]. Imperfect 
alignment of the FSO transmitter and Rx causes pointing error loss. Typically, these 
effects are seen for distances in excess of 3 km, at which we might take off an additional 
dB of power from the link budget. Hence, in this work, we assume no pointing errors. 
Geometric losses result from beam divergence, as a typical FSO transceiver has an optical 
beam divergence in the range of 2–10 mrad and 0.05–1.0 mrad (equivalent to a beam 
spread of 2–10 m, and 5 cm-1 m respectively at 1 km link range) for systems without and 
with tracking respectively [1]. Geometric losses are usually calculated as the area of the 
Rx aperture divided by the area of the beam spread over the Rx plane; which is presumed 
to be perpendicular to the transmitted beam. 
According to the mathematical model introduced by equation (7.15), we used 
MATLAB to regenerate the power loss resulting from both the clear and the fog 
conditions, as Table 7-4 indicates. 
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Table 7-4: Atmospheric attenuation in different weather conditions for various 
wavelengths. 
Weather 
conditions 
Visibility 
(km) 
Attenuation (dB/km) 
0.65 µm 1.55µm 10µm 
Clear 12 1.13 0.36 0.03 
23 0.59 0.19 0.01 
40 0.34 0.11 0.009 
Fog 0.1 169.80 169.80 169.80 
0.6 27.83 25.51 21.17 
0.8 20.19 15.55 8.89 
The effect of fog weather conditions is related to the size distribution of the 
scattering particles q and V. For clear air and high visibility (V = 23 km), the effect of the 
atmosphere on the signal power levels is nearly negligible for all wavelengths. The 
situation changes, however, in the case of fog atmospheric conditions and low visibility
( 0.5 km)V  . In In the case of moderate and thick fog conditions, attenuation levels 
increase significantly for all wavelengths, whereas in the case of light fog, the 10µm 
wavelength achieves significantly less attenuation than the 1.55 µm or 0.65 µm 
wavelengths. An APD Photodiode, which is widely used in the FSO systems [193], was 
used as the Rx, a BER of 10
-9 was adopted as a threshold in all simulations because it is 
the desired target for all practical FSO link designs [47, 194]. 
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Figure 7-7: Q-Factor vs. link distance (km) at a 2 km visibility limitation factor for 
0.65 µm, 1.55 µm, and 10 µm wavelengths. 
Figure 7-7 shows that when the link distance is less than 0.5 km, the received 
signal quality is approximately the same for the 0.65 µm and 1.55 µm wavelengths for a 
visibility limitation factor of 2 km. However, the Q-factor is higher at 10 µm than at either 
of the other wavelengths. Additionally, for each wavelength, the quality of the received 
signal decreases as the link distance increases, and vice versa. 
 
(a) 
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(b) 
 
(c) 
Figure 7-8: The measured eye diagram of the received QPSK signal at the Rx side at: 
(a) 0.65 µm wavelength, (b) 1.55 µm wavelength, and (c) 10 µm wavelength (x-axis in 
ns). 
Figure 7-8 depicts the measured eye-diagrams of the received signals under light 
fog attenuation within a visibility of V = 0.8 km. The height of the eye opening is smaller 
at the 0.65 µm and 1.55 µm wavelengths than at the 10 µm wavelength. Although degraded 
due of the presence of fog along the FSO link, the magnitude of the eye height at 10 µm 
wavelength is 0.12 mV, the highest, followed by 0.049 mv and 0.019 mv at 1.55 µm and 
0.65 µm respectively. Besides applying robust modulation techniques to overcome the 
fog impairments affecting the FSO link, these findings show that the performance is better 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
120 
at 10 µm wavelength than it is at the shorter wavelengths. However, further optimisation 
are required to improve the FSO system’s link reliability and performance.  
7.4. Performance Analysis of Hybrid PPM-BPSK- SIM, 
PPM and BPSK-SIM FSO with Fog 
The performance of an FSO link can be improved by employing an appropriate 
modulation scheme, and by considering its power and bandwidth efficiencies. The hybrid 
PPM-BPSK-SIM scheme has been introduced and investigated in a turbulent atmospheric 
environment [195], indicating its superiority over 2-PPM and BPSK for strongly turbulent 
atmospheric conditions. However, limited work has been conducted under fog conditions. 
Thus, we aim to study the performance of FSO links applying the hybrid  
PPM-BPSK-SIM, which combines the advantage of the PPM and BPSK-SIM, over dense 
fog atmospheric conditions, and investigate the hybrid scheme’s potential to offer 
improved performance compared to the BPSK-SIM and PPM schemes in a turbulence 
channel. 
Unlike baseband modulation schemes (i.e. PAM) where information is encoded 
in the amplitude of the optical carrier, the information in BPSK-SIM is encoded in the 
phase of the RF subcarrier. Hence, BPSK-SIM does not need an adaptive threshold to 
perform optimally in atmospheric turbulence [196]. PPM is known for its unparalleled 
power efficiency and does not require an adaptive threshold. However, the PPM scheme 
suffers from a low spectral efficiency and a high system complexity due to the 
requirement for both slot and symbol synchronisations. 
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7.4.1. Characterisation of Fog-induced Attenuation Using A 
Laboratory Chamber 
According to the measurements carried out in [160] in the presence of fog, under 
high water vapour concentration conditions, the water condenses into tiny water droplets 
of 1–20 µm radius in the atmosphere. There are different types of ROF, which are 
categorised on the basis of their formation mechanisms, such as convection fog, advection 
fog, precipitation fog, valley fog, and steam fog [197].  Steam fog is localised and is 
created by cold air passing over a much warmer water or moist land [197], [198]. It is 
possible to simulate this form of fog in the laboratory by achieving H close to 95%. 
Hence, to mimic ROF, artificial fog can be generated by means of water-based steam. 
The setup used to assess the performance of the proposed systems is shown in Figures. 7-
12(a) and (b). It consisted of an enclosed atmospheric chamber with dimensions of 
550×30×30 cm3 (see Figure 7-12(a)). The maximum link span achieved using the chamber 
with no reflection was ~ 6 m. The chamber had two compartments, each with a vent to 
allow air circulation using a fan. 
Table 7-5: Parameters of the FSO link with various modulations schemes. 
Parameter Value 
Data source 
PRBS length 213 – 1 
Modulation BPSK-SIM, 4-PPM, 4-PPM-BPSK 
Data rate 25 Mbps 
Laser diode 
Peak wavelength 830 nm 
Maximum optical power 10 mW 
Maximum peak to peak 
voltage 
500 mv 
Class  3B 
Beam size at aperture 5 mm × 2 mm 
Beam divergence <10 mrad 
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Modulation bandwidth 50 MHz 
Photodetector 
(PDA36A) 
Wavelength at maximum 
sensitivity 
900 nm 
Spectral range of 
sensitivity 
750– 1100 
nm 
Active area 1 mm2 
Half angle field of view ± 75 Deg 
Spectral sensitivity 0.60 A/W at 830 nm 
 
Rise and fall time 5 ns 
Reversed bias voltage 40 V 
Diameter 3.4 cm 
Focal length 20 cm 
Receiver sensitivity - 32 dBm 
(at 25Mbps & 
BER = 10-6) 
Effective focal Length f’ 20 cm 
Receiver 
Transamplifier (IC) AD8015 
Bandwidth 240 MHz 
Transimpedance amplifier 
gain 
15 kΩ 
The Rx front-end consisted of an optical concentration lens and a PIN 
photodetector integrated with a wide-bandwidth TIA. The photocurrent of the PIN was 
amplified using the TIA, the output of which was captured using a digital oscilloscope 
for further offline processing, as presented in Figure 7-12 (c). The fog was generated 
using a fog machine (water steam) with 100% humidity to replicate the ROF. The 
chamber had two compartments, each with a vent to allow air circulation using a fan. The 
fog was injected into the chamber at a rate of 0.97 m3/sec. The fog intensity within the 
chamber was controlled by a number of fans and ventilation inlet/outlets allowing us to 
manage the fog flux among the chamber homogeneously and control the visual contrast 
(transmittance) of the FSO link. 
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At the Rx side, the received optical power was converted to an electrical signal by 
means of an optical receiver (ORx), and a real-time oscilloscope (in our experiment, we 
used an Agilent DSO80604B infiniium High Performance Oscilloscope) to record the 
voltages. A virtual instrument script was developed in National Instrument (NI) 
LabVIEW 2012 [206] to control the devices and record the received data sets, as shown 
in Figure 7-13. The captured signals were than processed in MATLAB. In order to assess 
the quality of each signal, two parameters were extracted from the captured signals. 
Furthermore, in order to ensure a fair comparison between the modulations schemes, the 
same average optical transmit power PT was maintained and the Q-factor and BER of the 
received signal were simultaneously measured for different fog conditions (i.e. from low 
to high visibilities). 
 
(a) 
 
(b) 
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(c) 
Figure 7-9: (a) the laboratory controlled atmospheric chamber and FSO link setup, (b) 
the receiver end of the setup, and (c) a schematic of the fog chamber and FSO link 
setup. 
 
Figure 7-10: A screenshot of the virtual instrument script created in NI LabVIEW. 
7.4.2. Hybrid 4-PPM-BPSK-SIM, BPSK-SIM and 4-PPM with Fog 
The experiment was carried out by filling the chamber with a controllable amount 
of fog to achieve a visibility range from very low to high visibility. In the experiment, fog 
was permitted to settle down homogenously in the chamber before the measurement was 
taken. The most important impact of the fog is the attenuation of the optical beam by the 
Mie scattering and absorption. Both phenomena are caused by the interaction of the 
particles with the electromagnetic waves spreading over the channel. This interaction 
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depends on the characteristic size of obstacle or particle, refractive index and the 
wavelength of the optical beam. Due to the very small value of the imaginary part of the 
refractive index, the absorption (Rayleigh scattering) in the IR waveband by fog and 
aerosols is negligible [197]. 
The major contributors to the dispersion of the beam are particle sizes, which are 
close to the optical beam wavelength. Normally, both fog and haze are major contributors 
to the Mie scattering due to the optical wavelengths being in the order of 1 - 15 μm. Due 
to the random nature and occurrence of the fog, its impact on FSO links performance can 
be promptly measured and characterized by the visibility data [178, 198]. 
Table 7-6: Measured T and visibility values. 
Fog Dense Thick Moderate  Light 
T < 0.31 0.31-0.71 0.71-0.8 0.8-0.9 
V (m) < 70 70-250 250-500 500-1000 
In this study, we evaluate the scattering coefficient βλ corresponding to the 
measured T at 570 nm using equation (7.5). The visibility V is evaluated using (7.4) with 
the wavelength independent model, known as Kim model, for ranges < 500 m and for 
different transmittance values (see Table 7-5). The Q-factor results depicted in 
Figure 7-14 show that the Hybrid 4-PPM-BPSK-SIM and 4-PPM modulation signalling 
formats are more robust to fog impairments on the FSO link than BPSK-SIM. However, 
the behaviour of the three modulations schemes under fog conditions are similar in 
absolute terms at T = 1, where the Q-factor is 8.5 for 4-PPM, 6.5 for Hybrid 
4-PPM-BPSK-SIM and 6.2 for BPSK-SIM. On the other hand, the Hybrid 4-PPM-BPSK 
and the 4-PPM schemes exceed that values for T > 0.2. Figure 7-14 illustrates the 
predominant performance gain of the Hybrid 4-PPM-BPSK-SIM format over the rest of 
modulation schemes in moderate, thick and dense fog conditions. 
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Furthermore, Table 7-7 presents the visibility values and the corresponding 
measured values of T and the BER for Popt = 0.60 dBm. As the amount of fog particles 
inside the chamber increases, the corresponding visibility decreases, thus resulting in 
increased scattering of the optical beam. This, in turn, causes the distribution of bits ‘1’ 
and ‘0’ to be more flat due to the reduction of the height of the eye diagram. 
Table 7-7: The experimentally measured values for the 0.6dBm transmitted signal BER. 
Visibility 
(m) 
BER   
Hybrid 
4-PPM-BPSK-SIM 
BER  
4-PPM 
BER  
BPSK-SIM 
450 9.479 x 10-17  4.016 x 10-10  9.86 x 10-9  
320 4.016 x10-10  1.898 x 10-7  3.33 x 10 -7  
140 2 x 10-3 13.4 x 10-3  25 x 10-3  
100 10.7 x 10-4 81.9 x 10-3  22.7 x 10-2  
65 62 x 10-3 66.8 x 10-2  136 x 10-2 
 
Figure 7-11: The measured Q-factor values for the Hybrid 4-PPM-BPSK, 4-PPM and 
BPSK-SIM received signals at the same PT and 5Mbit/s data rate for different T link 
values and fog conditions. 
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(a) 
 
(b) 
Figure 7-12: The measured eye diagrams of the received Hybrid 4-PPM-BPSK-SIM 
signal at a data rate of 25 Mb/s with: (a) no fog and 𝑉 = 320 𝑚, and (b) fog and 
100 mV  . 
 
(a) 
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(b) 
Figure 7-13: The measured eye diagrams of the received 4-PPM signal at a data rate of 
25 Mb/s with: (a) no fog and 320 mV  , and (b) fog and 100 mV  . 
 
(a) 
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(b) 
Figure 7-14: The measured eye diagrams of the received BPSK-SIM signal at a data rate 
of 25 Mb/s with: (a) no fog, 320 mV  , and (b) fog and 100 mV  . 
The eye-opening is bigger in the presence of fog-induced attenuation for the 
Hybrid 4-PPM-BPSK-SIM signal compared to the 4-PPM and BPSK-SIM signals. On 
the other hand, the eye-opening is bigger for the 4-PPM signal than the BPSK-SIM signal, 
indicating that the Hybrid 4-PPM-BPSK is less sensitive to intensity fluctuations under 
fog conditions.  
7.5. Summary 
This chapter described the possible methods of mitigating the effects of fog on 
FSO links by implementing different modulation schemes such as BPSK-SIM, 4-PPM, 
Hybrid 4-PPM-BPSK-SIM and QPSK in a laboratory controlled fog environment. The 
performance of PPM_BPSK, 4-PPM and BPSK-SIM for N = 1 were investigated and 
compared.  The effects of a wide range of visibility values on the BER performance of 
FSO links in the presence of fog was also measured and investigated. The obtained results 
indicated the dependency of the fog intensity variation on the performance of the FSO 
link. Furthermore, the hybrid 4-PPM-BPSK-SIM signalling format demonstrated 
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improved resistance to thick fog impairments compared with the 4-PPM and BPSK-SIM 
schemes. In addition, the BER characteristics of the three modulations schemes over fog 
affected channel were studied. The results showed that the use of the hybrid 
4-PPM-BPSK-SIM modulation format improves the performance of the FSO system over 
a thick fog channel. Moreover, the influence of wavelength on FSO performance was 
investigated. The shorter wavelengths was found to be more limited in laser power than 
the longer wavelengths. Furthermore, the fog-induced attenuations were shown to have a 
reduced impact on longer wavelengths. In light of these results, it is clear that opting for 
an appropriate modulation technique that considers the system’s attenuation level is not 
enough to mitigate fog-induced impairment. 
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8. CONCLUSIONS AND FUTURE WORKS 
The requirement for FSO-based back-up and complementary links to RF 
technology, especially for the “last mile” in access networks, has increased substantially. 
This is due to a number of advantageous features such as an un-regulated and license free 
transmission bandwidth spectrum, a high data rate transmission, a low power 
consumption, an enhanced security, as well as immunity to electromagnetic interference. 
However, the challenge imposed by the atmospheric channel in the form of turbulence, 
smoke and fog, greatly diminishes the system performance and the availability of FSO 
links. Detailed modelling the FSO channel is an important task that needs to be 
undertaken to improve the performance of FSO links. To carry out the objectives of this 
research, the fundamental principles of FSO technology and its sub-blocks were reviewed 
and discussed in Chapter 2. The applications and features of FSO technology that make 
it more practical than the existing RF technologies, were detailed.  
Following this, a discussion on the atmospheric channel, both in terms of 
atmospheric attenuation and turbulence, was presented. Chapter 3 highlighted and 
discussed the three main reported models for irradiance fluctuation in atmospheric 
turbulence, which are important in predicting the reliability of an optical system operating 
in such an environment. The lognormal model is mathematically tractable, however only 
valid in the weak turbulence regime. Beside the weak turbulence regime, the 
Gamma-Gamma model is more suitable but lacks the mathematical convenience. The 
Performance Optimization Mechanisms for Optical Wireless Communication Systems 
 
132 
negative exponential model is only employed in the saturation regime. A number of 
empirical fog models were considered. Kim and Naboulsi models were determined to be 
the best models in estimating the attenuation of the optical signal induced by fog for the 
wavelength range of 0.5 μm to 0.9 μm, when V = 1 km.  
In accordance with the research objectives, this thesis focused on optimising the 
system performance during atmospheric turbulence as well as in the presence of fog, 
through the use of several modulation techniques such as BPSK-SIM, 4-PPM, 
Hybrid 4-PPM-BPSK, and QPSK. In order to overcome the performance limitation of 
OOK-FSO in turbulent atmospheric channels, the BPSK-SIM, 4-PPM and hybrid 
4-PPM-BPSK-SIM modulation schemes were proposed and their error performance 
analysis under atmospheric turbulence was presented in Chapter 6. The results showed 
that PPM-BPSK offered similar performance to the 2-PPM, a superior performance to 
BPSK-SIM while having the same bandwidth, but an inferior performance to 4-PPM for 
all turbulence levels. Furthermore, the experimental investigation indicated that the 
4-PPM technique is more robust to turbulence induced impairments in the FSO link than 
the BPSK-SIM technique. 
Fog, as a dominant source for power attenuation and potentially reducing FSO 
links’ availability, was discussed in Chapter 7. An experimental evaluation of the 
performance of BPSK with coherent detection, 4-PPM and Hybrid 4-PPM-BPSK under 
the effect of fog for FSO communication links was carried out in a controlled laboratory 
test-bed. The effects of low to high visibility on the FSO link BER performance in the 
presence of fog were also measured and investigated. Furthermore, a performance 
analysis of FSO systems using QPSK modulation techniques over a fog-affected 
atmospheric channel was provided for various wavelengths of operation. The shorter 
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wavelengths were found to be more limited in laser power output than the longer 
wavelengths. Furthermore, the results showed that fog-induced attenuation has less 
impact at longer wavelengths. As such, opting for an appropriate modulation technique 
that considers the system’s attenuation level is not enough to mitigate fog-induced 
impairments.  
Finally, an experimental evaluation of the performance of the Hybrid 
4-PPM-BPSK-SIM, 4-PPM and BPSK-SIM modulation schemes was conducted under 
the effect of fog in a controlled laboratory test-bed. The hybrid 4-PPM-BPSK-SIM 
signalling format offers improved resistance to thick fog impairment compared to the 
4-PPM and BPSK-SIM schemes. 
8.1. Future Work 
Whilst the objectives listed in Chapter 1 of this thesis have been achieved, this 
work was never envisaged to be comprehensive to the degree of addressing the entire 
optical wireless communication research challenges. Since the amount of research scope 
and time expected to do so is beyond the scope of this thesis, recommendations of further 
research work, which can be carried out to broaden the work covered here, are given 
below. 
Hybrid FSO/RF communication employing channel coding: 
Weather, propagation distance, scattering, absorption, turbulence, pointing error 
effects, laser wavelength, and data rate are some of the key elements that impact the 
overall performance of FSO link. The main challenge facing FSO technology is the 
attainment of 99.999% link availability during all weather conditions [199]. A hybrid 
FSO/RF link combined with channel coding is one possible option to address this 
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challenge. In such a scheme, the RF system could be employed as the back-up link, 
though at a reduced data rate while the fog/turbulence levels are moderate to high, and 
the channel coding can also improve the overall system dependability [200, 201]. 
Radio over FSO: 
Transmission of modulated RF signals using FSO communication links has been 
widely researched recently [204]. The radio over free-space optics (RoFSO) 
communications system has the potential to offer a cost effective and a reliable 
technology for bridging advanced wireless technologies network facilities. RoFSO is a 
next generation access technology suitable for transmission of heterogeneous wireless 
service signals, particularly in areas with limited broadband connectivity. There is a need 
to conduct initial investigations focusing on examining the deployment environment 
features, which influence the performance of RoFSO systems [205]. 
Spatial Diversity: 
FSO signals are severely impaired in strong turbulence environments, which can 
be mitigated by spatial diversity techniques such as MIMO antennas that can be equipped 
on the transmitter and/or receiver sides [202, 203]. 
Multipath Diversity: 
Wireless networks suffer signal fading due to multipath propagation, which can 
be mitigated by time-, frequency- or spatial diversity techniques. With regard to spatial 
diversity, multiple antennas can be equipped on the transmitters and/or receivers; which 
is difficult to implement on a sensor node or a mobile terminal due to size limitations and 
hardware complexity. 
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Adaptive Optics: 
Although adaptive optics technology was investigated in this research, it is 
considered to be a promising mitigation technology of atmospheric attenuation. 
Therefore, it is recommended to extend applying adaptive optics for future FSO system. 
Thanks to adaptive optics, it is theoretically possible to pre-compensate the effects of 
atmospheric turbulence on the laser beam [214]. Several solutions can be considered, 
which can be classified into two families: pre-compensation of the phase only [211], or 
of the phase and amplitude (i.e. a full-wave correction) [212]. In a research conducted by 
Schwartz et al. [213], the two methods were compared through simulations, and the 
results indicated that for long-range applications, full-wave correction performs 
significantly better.
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